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Understanding and tailoring light-matter interactions is critical to many fields, offering valuable insights into
the nature of materials, as well as allowing a variety of applications such as detectors, sensors, switches,
modulators, and lasers. While reducing the optical mode volume is critical to enhancing the light-matter
interaction strength, plasmonic systems, with their extraordinary ability to confine the light far below the
diffraction limit of light, provide intriguing platforms in boosting the light-matter interactions at nanoscale.
On the other hand, atomically thin semiconductors such as few-layered transition metal dichalcogenides
(TMDs), a recently discovered class of materials, exhibit unique optical properties such as large exciton
binding energies, tightly-bond trion excitations, and valley-spin locking, allowing the observations of
interesting photonic and electronic phenomena including strong photon-exciton coupling, valley Zeeman and
valley optical Stark effect, valley Hall effect, and spin light emitting, hence serve as great candidates to study
light-matter interactions in two dimensional systems.
In this thesis, combining the two intriguing optical and material systems, we study light-matter interactions
between 2D semiconductors and 2D plasmonic lattices, due to their compatibility with 2D semiconductors as
well as strong and highly tunable plasmonic resonances. We investigated exciton-plasmon coupling by
integrating MoS2 with plasmonic lattices of various geometrical designs and observed rich phenomena in
different coupling regimes.
We will first present a detailed study of observing exciton-plasmon coupling in weak, intermediate and strong
coupling regimes via different plasmonic lattice design. We’ve demonstrated large Purcell enhancement in
weak coupling regime, and Fano resonances in intermediate coupling regime, and exciton-plasmon polariton
formation in strong coupling regime. After that, we will discuss active tuning of the coupling strengths all the
way across the weak and strong coupling regime via electrical gating. Finally, we will demonstrate chiral
exciton-plasmon coupling by designing chiral plasmonic lattices.
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Abstract 
Manipulating light-matter interactions in two-dimensional 
semiconductors coupled with plasmonic lattices 
Wenjing Liu 
Ritesh Agarwal 
Understanding and tailoring light-matter interactions is critical to many fields, 
offering valuable insights into the nature of materials, as well as allowing a variety of 
applications such as detectors, sensors, switches, modulators, and lasers. While 
reducing the optical mode volume is critical to enhancing the light-matter interaction 
strength, plasmonic systems, with their extraordinary ability to confine the light far 
below the diffraction limit of light, provide intriguing platforms in boosting the light-
matter interactions at nanoscale.  
On the other hand, atomically thin semiconductors such as few-layered transition 
metal dichalcogenides (TMDs), a recently discovered class of materials, exhibit unique 
optical properties such as large exciton binding energies, tightly-bond trion excitations, 
and valley-spin locking, allowing the observations of interesting photonic and 
electronic phenomena including strong photon-exciton coupling, valley Zeeman and 
valley optical Stark effect, valley Hall effect, and spin light emitting, hence serve as 
great candidates to study light-matter interactions in two dimensional systems. 
vi 
  
In this thesis, combining the two intriguing optical and material systems, we study 
light-matter interactions between 2D semiconductors and 2D plasmonic lattices, due to 
their compatibility with 2D semiconductors as well as strong and highly tunable 
plasmonic resonances. We investigated exciton-plasmon coupling by integrating MoS2 
with plasmonic lattices of various geometrical designs and observed rich phenomena in 
different coupling regimes. 
We will first present a detailed study of observing exciton-plasmon coupling in 
weak, intermediate and strong coupling regimes via different plasmonic lattice design. 
We’ve demonstrated large Purcell enhancement in weak coupling regime, and Fano 
resonances in intermediate coupling regime, and exciton-plasmon polariton formation 
in strong coupling regime. After that, we will discuss active tuning of the coupling 
strengths all the way across the weak and strong coupling regime via electrical gating. 
Finally, we will demonstrate chiral exciton-plasmon coupling by designing chiral 
plasmonic lattices. 
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Figure 1.1 Strong exciton-photon coupling in a two-level system. (a) polariton 
dispersions. Gray dotted line represents the photon dispersion, blue dotted line 
represents the exciton dispersion, and black solid lines represent the dispersions of the 
two polariton branches. (b) Hopfield coefficients calculated from (a). 
 
Figure 1.2 Schematics of a metallic sphere in a uniform, static electric field. 
 
Figure 1.3 Reflectance spectra of a gold grating illuminated by a continuous light 
source obtained by Wood. Reprinted with permission from ref. 65. © 1902 Taylor & 
Francis 
 
Figure 1.4 Experimental observations of SLRs in different plasmonic lattices (a) 
Extinction spectra for several gold nanoparticle arrays at normal incidence. The average 
particle size was 123×85×35 nm  for the main graph and 120×90×35 nm . 
Reprinted with permission from ref. 79. © 2006 American Physical Society. (b) 
Extinction spectra of an Au double-nanodisk array as a function of the angle of 
incidence. The electric field of the incident wave is perpendicular to the long axis of 
the double disk structure. Left inset: SEM image of the array. Right inset: A zoom of 
the extinction at 64o incidence. Reprinted with permission from ref. 80. © 2008 
American Physical Society. (c) Extinction spectra as a function of k// for an Au nanorod 
array with rods sizes of 450×120×38 nm  Inset shows the SEM image of the 
corresponding array. Reprinted with permission from ref. 81. © 2011 American 
Physical Society. 
 
Figure 1.5 Extinction spectra of a one-dimensional chain of 400 Ag nanoparticles with 
100 nm radius predicted by CDA. Reprinted with permission form ref.72. © 2011 AIP 
publishing. 
 
Figure 1.6 Fano lineshapes as functions of q. Reprinted with permission from ref.73. 
© 1961 American Physical Society. 
 
Figure 1.7 Structure and band structure of MoS2. (a) crystal structure and Brillouin 
zone of MoS2. Reprinted from ref.97. © 2011 Macmillan Publishers Ltd. (b) band 
diagram of bilayer (left) and monolayer (right) MoS2 with indirect and direct band gaps, 
respectively. Reprinted from ref.92. © 2010 American Chemical Society. (c) 
photoluminescence from monolayer and bilayer MoS2.Reprinted from ref.98. © 2010 
American Physical Society. 
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Figure 1.8 Optical transitions in monolayer MoS2. (a) Absorption spectrum of MoS2 
showing A and B neutron excitons at 1.92 and 2.08 eV, respectively. (b) & (c) 
Absorption and photoluminescence spectra of monolayer MoS2 as a function of gate 
voltages showing in figure (b). Trion transition (A-) dominates at positive gate voltages 
while neutral exciton transition (A) is more evident at large negative gate voltages. 
Reprinted with permission from ref. 99. © 2012 Macmillan Publishers Ltd. 
 
Figure 2.1 Fabrication processes of Ag plasmonic lattices 
 
Figure 2.2 SEM images of Ag plasmonic lattices. (a) Bowtie array. (b) Nanodisk array. 
(c) Nanorod array. 
 
Figure 2.3 Electric field profile of the dipolar LSPR of Ag nanodisk. Nano disk 
dimensions: r = 60 nm, h = 50 nm. Figure (a)-(c) show electric field polarized along (a) 
x, (b) y, and (c) z directions, respectively. (d) Magnitude of the total electric field. Inset: 
schematics of the system geometry. 
 
Figure 2.4 Nanodisk LSPR mode position as a function of disk diameter. 
 
Figure 2.5 (a) Far-field differential reflectance of six plasmonic lattices with nanodisk 
diameters ranging from 90-154 nm and 1000 nm lattice constant (uncoupled nanodisks). 
(b) LSPR wavelengths for the first and second order whispering gallery LSPR modes 
in individual silver nanodisks obtained by FDTD simulations along with the 
experimentally measured the dip positions from the reflectance spectra in (a) 
 
Figure 2.6 Electric field profile of the LSPRs of a Ag nanorod. (a) Transverse mode. 
(b) Longitudinal mode. Nanorod dimensions: 170×110×50 nm 
 
Figure 2.7 Electric field profile of the LSPRs of a Ag bowtie. (a) Transverse mode. (b) 
Longitudinal mode.  
 
Figure 2.8 Schematic of the angle-resolved reflectance measurement setup 
 
Figure 2.9 The angle-resolved differential reflectance spectra for five plasmonic 
lattices patterned on bare Si/SiO2 substrates with disk diameters ranging from 100-170 
nm and 460 nm lattice constant. White dashed line represents the wavelength of the 
LSPR modes and the red dots correspond to the dip positions obtained from the line 
cuts of the angle-resolved reflectance at constant angles. Blue solid lines are the fitting 
results obtained from a coupled-oscillator model. 
 
Figure 2.10 The angle-resolved differential reflectance spectra for four plasmonic 
lattices patterned on bare Si/SiO2 substrates with lattice constant ranging from 380 to 
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500 nm and 120 nm disk diameters. White dashed line represents the wavelength of the 
LSPR modes and the red dots correspond to the dip positions obtained from the line 
cuts of the angle-resolved reflectance at constant angles. Blue solid lines are the fitting 
results obtained from a coupled-oscillator model. 
 
Figure 3.1 Optical properties of monolayer MoS2-bowtie resonator array system at 
room-temperature. (a), Scanning electron microscope (SEM) image showing the silver 
bowtie array directly patterned on well-defined, stacked triangular flakes of mono- and 
bi-layer MoS2. Larger triangular flake of darker contrast corresponds to a single layer 
and smaller flake of lighter contrast to a bilayer. (b), Device schematic indicating the 
geometrical factors of a bowtie array: gap separation (g), thickness of the metal 
deposition (h), side length of a triangle (s), and unit cell dimension or pitch (p = (px, 
py)). (c), Raman scattering spectra of bare MoS2, bowtie array, and bowtie-MoS2. 
Geometrical factors: g = 20 nm; h = 50 nm; s = 100 nm; p = (500 nm, 300 nm). For all 
bowtie arrays studied throughout the paper, g = 20 nm and h = 50 nm. (d), PL spectra 
of bare MoS2, bowtie array, and bowtie-MoS2. Inset shows PL in log scale. (e), 
Calculated extinction of a single bowtie (g = 20 nm; h = 50 nm; s = 100 nm) with the 
inset displaying the E-field intensity profiles for TE and TM polarizations with respect 
to the long axis of a bowtie. (f), FDTD simulated E-field enhancements in the array of 
bowties (s = 100 nm) with four different unit cell lengths under normal plane wave 
incidence. Inset shows the E-field intensity profiles for TE or TM polarizations. 
 
Figure 3.2 Polarization-dependent reflection spectra of the bowtie resonator array and 
photoluminescence spectra of MoS2 coupled with bowtie resonator array. (a) 
Normalized differential reflectivity (ΔR/R) spectra of experimental and calculated 
lattice-LSP modes in TE and TM polarizations for bowtie array on SiO2/Si substrate. 
Geometrical factors: s = 100 nm, p = (500 nm, 300 nm). (b) Average E-field 
enhancements for bowtie array on SiO2/Si calculated for the total area of the unit cell. 
(c) Experimental emission (PL and Raman) spectra for bowtie-MoS2 system. Inset; 
zoomed-in spectra near the Raman active region. 
 
Figure 3.3 Polarization-dependent 2-D intensity scans. (a) Optical microscope image 
of bowtie arrays patterned in two orthogonal orientations on a MoS2 flake. (b) 2-D 
intensity scans measured at the Raman mode and A-exciton energies. Scanning area 
indicated in (a). Data in (e) shows different polarization response for Raman 
(horizontally patterned bowties) and A-exciton emission (vertically patterned bowties). 
 
Figure 3.4 Spectral modification of MoS2 photoluminescence coupled with bowtie 
resonator arrays with different lattice-LSP dipole resonances at room temperature. (a) 
SEM images of four bowtie-array samples with different bowtie sizes and pitch values: 
(i) s = 100 nm, p = (400 nm, 500 nm) (ii) s = 100 nm, p = (400 nm, 300 nm) (iii) s = 
100 nm, p = (300 nm, 200 nm) (iv) s = 170 nm, p = (500 nm, 800 nm). (b) ΔR/R spectra 
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associated with the lattice-LSP modes of the four different bowtie patterns on SiO2/Si 
substrates. (c) PL spectra of bare MoS2 (black) and four different patterns. (d) 
Wavelength-dependent PL enhancements (ratios of PL obtained for bowtie-MoS2 
sample to PL of bare MoS2) for the four patterns on monolayer MoS2. Inset shows the 
enhancement of A-exciton emission for all four patterns. (e) Normalized PL spectra of 
bare MoS2 (black) and the four different bowtie patterns on MoS2. 
 
Figure 3.5 Calculated absorption spectra for bare MoS2 monolayer and bowtie-MoS2 
system at room temperature. The calculated results are shown for sample (iii) in figure 
3.4 (c). Bowtie geometrical factors: g = 20 nm, h = 50 nm, s = 100 nm, and p = (300 
nm, 200 nm). 
 
Figure 3.6 Fano resonance in the reflection spectrum of bowtie-MoS2 at 77 K. Bowtie 
geometry: TE mode, s = 100 nm, p = (300 nm, 200 nm). (a) and (b) Experimental and 
calculated ∆R/R spectra for bare MoS2, bowtie array, and bowtie-MoS2 system. Clear 
Fano resonances are observed at the A- and B-exciton spectral region. Inset in (b) shows 
the schematic for the mechanism of observed Fano resonance in the exciton-plasmon 
system. (c) Calculated absorption spectra for the bare MoS2 (black), bowtie array (blue), 
MoS2 in the combined bowtie-MoS2 system (green), and the bowtie in the combined 
bowtie-MoS2 system (red). The dotted circle highlights the region of MoS2 excitons 
where Fano resonances are observed in the refection spectra in (a) 
 
Figure 3.7 Controlling Fano spectra of the bowtie-MoS2 system by tuning the plasmon-
excitons detuning at 77 K. (a)-(c) Experimental ∆R/R spectra of bare MoS2, bowtie, and 
bowtie-MoS2 system for three different samples with the following excitation 
polarization and geometrical factors. TE polarization, s = 100 nm, p = (400 nm, 300 
nm) (a) TM, s = 140 nm, p = (500 nm, 400 nm) (b) TE, s = 100 nm, p = (800 nm, 700 
nm) (c) Clear Fano resonances are observed when the bowtie reflectance dips overlap 
with MoS2 excitons. 
 
Figure 4.1 LSPR modes of individual (weakly-coupled) nanodisks patterned on Si/SiO2 
substrate and on monolayer MoS2 with disks diameter of d = 140 nm and lattice constant, 
a = 1000 nm. (a) Far-field reflectance measurement of the Ag nanodisk array on Si/SiO2 
substrate and on monolayer MoS2. The resonance position (reflectance dip) is 
redshifted from 640 nm to 695 nm due to the presence of MoS2. (b) The difference of 
the reflectance spectra between the array patterned on MoS2 and bare MoS2 from (a). 
The LSPR position (reflectance dip) can be clearly observed at 695 nm. 
 
Figure 4.2 Strong exciton-plasmon coupling of silver plasmonic lattice-coupled 
monolayer MoS2 at 77K. (a)-(d) Angle-resolved differential reflectance spectra of four 
different silver nanodisk arrays with different disk diameters patterned on monolayer 
MoS2. The lattice constants of all four arrays are fixed at 460 nm while the disk 
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diameters are changed. White dashed lines correspond to the LSPR positions and 
yellow dashed lines represent the A (low energy) and B (high energy) excitons. Red 
dots correspond to the dip positions obtained from the line cuts of the angle-resolved 
reflectance at constant angles. Blue solid lines are the fitting results from a coupled-
oscillator model. (e)-(h) Line cuts from the angle-resolved reflectance data taken from 
a constant angle represented by the vertical white dotted lines in (a)-(d), respectively. 
The dip positions are indicated by the blue triangles. 
 
Figure 4.3 Composition of the four polariton branches for three representative LSPR-
exciton detuning conditions in silver plasmonic lattice-coupled monolayer MoS2 at 77K. 
(a)-(c) A exciton fraction. (d)-(f) B exciton fraction. (g)-(i) lattice mode fraction. (j)-(l) 
LSPR fraction. 
 
Figure 4.4 Strong exciton-plasmon coupling of silver plasmonic lattice-coupled 
monolayer MoS2 at 77K with disk diameter d = 110 nm and lattice constant a = 380 nm. 
(a) Angle-resolved reflectance spectrum of the Ag nanodisk array. (b) Angle-resolved 
reflectance spectrum of bare MoS2. (c) Angle-resolved reflectance spectrum of MoS2 
coupled with Ag nanodisk array. (d) Line cuts from the angle-resolved reflectance data 
in (a)-(c) at k = 0. In (a)-(c), white dashed lines correspond to the LSPR positions and 
yellow dashed lines represent the A (low energy) and B (high energy) excitons. Red 
dots correspond to the dip positions obtained from the line cuts of the angle-resolved 
reflectance at constant angles. Blue solid lines are the fitting results from a coupled-
oscillator model. Strong coupling between the LSPR and both the A and B excitons are 
clearly observed in (c) and (d) while the lattice resonance is detuned from the excitonic 
region, therefore highlights the critical role of the LSPR to enhance the exciton-plasmon 
coupling. 
 
Figure 4.5 Temperature dependence of the strong exciton-plasmon coupling in silver 
plasmonic lattice-coupled monolayer MoS2 (a)-(b) Angle-resolved differential 
reflectance spectra of the silver nanodisk array coupled with MoS2 at 77 K and 300 K, 
respectively. The disk diameter is 120 nm with a lattice constant of 460 nm. White 
dashed lines correspond to the LSPR positions and yellow dashed lines represent the A 
(low energy) and B (high energy) excitons. Red dots correspond to the dip positions 
obtained from the line cuts of the angle-resolved reflectance at constant angles. Blue 
solid lines are the fitting results from a coupled-oscillator model. (c) The spectral line 
cuts taken from room temperature data in (b) with the incident angles θ ranging from 
21.7o to 42.1o 
 
Figure 4.6 Temperature dependence of the exciton-plasmon coupled system. (a) 
Temperature dependent differential reflectance spectra of bare MoS2. (b) Temperature 
dependent differential reflectance spectra of silver nanodisk array coupled with MoS2 
obtained from the angle-resolved differential reflectance spectra at sin 0.37   . The 
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position of the line cut is shown in figure 4.4 (a) as a vertical white dotted line. (c) The 
wavelength of the A exciton and polariton branches 2 and 3 at sin 0.37    as a 
function of temperature, extracted from the dip positions in (a) and (b). (d) Exciton 
fractions of polariton branches 2 and 3 at sin 0.37    as a function of temperature, 
calculated from the COM with the temperature dependent exciton energies extracted 
from (a). 
 
Figure 5.1 Schematics (a) and SEM images (b) of the MoS2-plasmonic lattice FET 
device. 
 
Figure 5.2 Typical transconductance curve from a bare MoS2 FET device 
 
Figure 5.3 Dispersion evolution of MoS2-plasmonic lattice system at different gate 
voltages. The yellow and orange dashed lines indicate the neutral exciton and trion 
energies measured from the bare region of the same MoS2 flake.  
 
Figure 5.4 Line cuts of the angle-resolved reflectance spectra at different applied 
voltages. (a)-(c) Spectral line cuts. From bottom to up: sin = 0, 0.15, 0.3, 0.4, 0.5, 
respectively. (d)-(f) Zoomed-in spectra taken from the (a)-(c) with sin = 0.5 and 
corresponding Gaussian fitting for mode resolving. Yellow dashed line: A0 exciton, 
Orange dashed line: A- exciton (trion). Gray dashed line: mode positions extracted from 
the line cuts.  
 
Figure 5.5 Evolution of the bare MoS2 reflectance with applied gate voltage.  
 
Figure 5.6 COM fitting of the system dispersion and calculated exciton-LSPR coupling 
strengths.  
 
Figure 5.7 Gate-voltage dependent exciton-plasmon coupling in the angle-resolved 
ΔR/R plots for three different silver nanodisks arrays with different resonance detuning 
values. (a)-(c), d = 110 nm. (f)-(h), d = 120 nm. (k)-(m). d = 140 nm. The position of 
uncoupled Ao, A- excitons, and LSPR are indicated as yellow-, orange- and white-
dashed lines, respectively. (d), (i), (n), ΔR/R spectra obtained from line cuts (vertical 
white-dashed lines, sinθ = 0.35 in (a-c), sinθ = 0.30 in (f-h), and sinθ = 0.25 in (k-m), 
respectively) of the angle resolved spectra at different VG. Grey-dashed lines in (d), (i) 
and (n) trace the evolution of the system’s eigenstates upon carrier doping. (e), (j), (o) 
Comparison of the coupling strengths for Ao-LSPR and A—LSPR coupling obtained 
from the COM fitting as a function of the gate voltage. 
 
Figure 6.1 SEM images of the tilt-nanorod lattices, with nanorod dimensions of 
110×170 nm and lattice pitch of 450 nm. The tilting angle with respect to the vertical 
axis of the images are: (a) 0o (b) 30o (c) 45o and (d) 60o. Scale bars are 500 nm.  
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Figure 6.2 Angle-resolved reflectance spectra of Ag nanorod lattices (110×170 nm 
nanorod and 450 nm lattice pitch) with different nanorod tilting angle and circular 
polarization illumination. (a)-(e): RCP illumination. (f)-(j) LCP illumination. (a)&(f): 
0o rotation; (b)&(g): 30o rotation; (c)&(h): 45o rotation; (d)&(i): 60o rotation; (e)&(j): 
90o rotation. The rotation angles are defined as the angle between the long axis of the 
nanorod and k//. 
 
Figure 6.3 Spatial electric field distribution of a 110×170 nm Ag nanorod under (a) 
LCP and (b) RCP light illumination at 645 nm wavelength. 
 
Figure 6.4 Phase difference between the longitudinal and transverse LSPR of a Ag 
nanorod (110×170 nm) at 640 nm. The nanorod is excited by a linearly polarized 
plane wave with its polarization indicated by the black arrow. At ωt = 0, the electric 
field magnitude of the longitudinal mode reaches its maximum ((a)-(c)), and becomes 
nearly zero in the transverse mode ((d)-(f)). With an additional π 2⁄  phase shift ((g)-
(i)) in the transverse mode, the electric field interfere constructively along the bottom-
left to up-right diagonal, and interfere destructively along the other, resulting in a 
diagonal mode. 
 
Figure 6.5 Electric field profile of Ag nanorod lattice with 45o nanorod tilting 
illuminated by (a) LCP and (b) RCP light. Nanorod dimension: 110×170 nm, lattice 
pitch 450 nm. 
 
Figure 6.6 Angle-resolved reflectance spectra calculated by FDTD simulation. 
Nanorod dimensions: 110×170 nm, lattice pitch 450 nm. Tilting angle 45o. (a) RCP 
illumination. (b) LCP illumination. (c) Circular Dichroism calculated from (a) and (b) 
 
Figure 6.7 Angle-resolved reflectance spectra resolving both the input and output 
circular polarizations. (a)-(d) Lattice without nanorod tilting (0o tilting). (e)-(h) Lattice 
with 30o tilting with respect to k//.  
 
Figure 6.8 Strong exciton-plasmon coupling in co-polarization reflection. (a) LCP in-
RCP out. (b) RCP in-LCP out. White dashed lines correspond to the LSPR positions 
and yellow dashed lines represent the A excitons. Red dots correspond to the dip 
positions obtained from the line cuts of the angle-resolved reflectance at constant angles. 
Blue solid lines are the fitting results from a coupled-oscillator model. 
 
Figure 6.9 Strong exciton-plasmon coupling in co-polarization reflection. (a) RCP in-
RCP out. (b) Line cuts from (a) taken from sin = 0.15 − 0.20. (c) LCP in-LCP out. 
(d) Line cuts from (c) taken from sin = 0.15 − 0.20. 
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Figure 7.1 The  (LCP) and  (RCP) components of the LSPR of a nanorod 
excited by a LCP light. (a) Nanorod . (b) Nanorod . 
 
Figure 7.2 Strong exciton-plasmon coupling in plasmonic metasurfaces coupled with 
monolayer MoS2. (a) Silver Pancharatnam–Berry phase metasurface with constant 
phase shift gradient patterned on monolayer MoS2. (b)&(c) Reflectance spectra under 
LCP and RCP illumination measured from the device in (a), showing SLRs and strong 
coupling with MoS2.   
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Chapter 1. Introduction 
1.1 Light-matter interactions in nanocavities 
When light interacts with matter, in particularly, a direct bandgap semiconductor, 
a photon can be absorbed and excite an electron to the conduction band, leaving a hole 
in the valence band. This electron-hole pair can be strongly bond together via Columb 
interaction, and form a new quasiparticle named exciton. An exciton can then 
recombine radiatively and emit a photon, allowing energy transfers back and forth 
between the photon and the exciton. Studying and engineering such photon-exciton 
interactions in photonic and plasmonic nanocavities have drawn great attentions 
recently, as the energy transfer rate, or equivalently, the coupling strength can be greatly 
enhanced as the mode volume shrinks. Depending on the relation between the coupling 
strength and the dissipation rate of each resonance, the light-matter coupling can be 
classified into two regimes: the weak coupling regime, where perturbation theory can 
be used to describe the light-matter interaction processes, and strong coupling regime, 
where new eigenmodes are formed with the creation of new quasi-particles named 
exciton-polaritons.  
1.1.1 Weak coupling regime: Purcell enhancement 
In a two-level system, if coupling strength between the photon (plasmon) and the 
exciton is smaller than the average dissipation rate of the two states, the system is in 
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weak coupling regime: 
< | |                            (1.1) 
Where  represents the exciton-photon coupling strength, γ  and γ  denote the 
decay rate of the exciton and the cavity photon, respectively. In weak coupling regime, 
the photon-exciton interactions can be described by perturbation theories, including 
emission and absorption of photons, lasing, and Purcell effect. In this dissertation, we 
will focus on the Purcell effect, which describes the enhancement of spontaneous 
emission rate by the presence of an optical cavity1. According to Fermi’s Golden rule, 
the transition rate of the system is proportional to the density of the final state, which 
can be enhanced by the presence of a cavity. The enhancement factor, i.e., the Purcell 
factor is given by: 
=                          (1.2) 
Where λ  represents the wavelength in vacuum, n denotes the refractive index of the 
material, Q is the quality factor of the cavity and V is the mode volume.  
The key quantity that determines the enhancement rate is hence the ratio between 
the cavity’s quality factor and the mode volume. Purcell effect has been extensively 
studied both theoretically and experimentally in photonic and plasmonic microcavities. 
In photonic systems, high Purcell factor was pursued by either decreasing the mode 
volume or increasing the quality factor. In 1987, F. D. Martini et al.2 observed enhanced 
spontaneous emission rate of ~6 times of dye molecules placed in a Fabry-Perot cavity 
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with length equals to  . Later, Gerard and coworkers showed 5-fold Purcell 
enhancement in quantum-dot embedded micropillar with quality factor of 2000 and 
cavity diameter of 1μm. Recently, several cavity geometries have been proposed or 
experimentally studied with quality factors up to 105 and/or mode volumes at the order 
of , giving rise to a maximum Purcell factor of 190.4-6  
On the other hand, plasmonic nanocavities are able to confine the light far beyond 
the diffraction limit (A formal description of plasmonic resonances and plasmonic 
systems is given in chapter 1.1.2), as a result, moderate Purcell factors of 10-100 can 
be observed in spite of the low quality factors of the plasmonic modes.7-12 Recently, in 
our group, Cho et al reported Purcell factor on the order of 103 in Ag-semiconductor 
nanowire core-shell structures.13 More interestingly, such exceptionally high Purcell 
enhancement allowed the observation of non-thermalized spontaneous emission, which 
enabled bright hot-luminescence from Si, an indirect band gap semiconductor. In 
another work, Russell et al. also reported Purcell factor of ~103 in an organic film 
sandwiched by a silver film and a silver nanowire.14  
1.1.2 Strong coupling regime and formation of exciton-polaritons 
In a two-level system, the strong coupling limit is reached once the photon-exciton 
coupling strength is greater than the average dissipation rate of the two particles: 
≫ | |                         (1.3) 
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Or more strictly,  
≫ ,                        (1.4) 
In this regime, excitons and photons couple strongly, resulting in new eigenstates and 
quasiparticles with mixed excitonic and photonic characteristics named as exciton 
polaritons. The concept of polariton was first conceived by Tolpygo in 195015 and 
confirmed experimentally by Hopfield in 195816, followed by a series of works by 
Hopfield and Thomas in 1950s and 1960s17-20. In this early stage, studies were carried 
out in bulk semiconductors such as CdS. An exciton-photon coupled system can be 
described by the coupled Schrodinger’s equation as: 
ℏ =                      (1.5) 
Where the Hamiltonian  has the form: 
= − −                   (1.6) 
With  and  representing the energy of exciton and cavity photon,  and 
 denoting their decay rates, and g as the coupling strength. These quantities are all 
functions of the wave vector k.  
The two new eigenenergies, which are defined as polariton states, can hence be 
solved as: 
              E ± = + − + ±
                      4 + − + −           (1.7) 
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To have polaritons as the new eigenstates, at zero detuning, i.e., where 
∆ = − = 0, the coupling strength g should at least satisfy: 
> | |                          (1.8) 
Physically, this criterion indicates that, for a new quasiparticle to form, an 
excitation should be able to coherently transfer between an exciton and a cavity photon 
multiple times before they decay.  
The system reaches strong coupling limit if: 
≫ ,                          (1.9) 
In this regime, equation (1.7) reduces to: 
E ± = + ± 4 + −           (1.10) 
The E − k  dispersion of the polariton modes given by equation for a 
dispersionless exciton (since the effective mass of excitons is much larger than of cavity 
photons, exciton dispersion is negligible in the region of interests) and linearly 
dispersed photon is plotted in figure 1.1 (a). As the result of the coupling, two new 
dispersion branches appear via an anti-crossing behavior centered at the resonance of 
the two uncoupled states. These two branches are termed as the upper and lower 
polariton branches, respectively. The minimum splitting of the two branches occurs at 
zero detuning, with the splitting value equals to 2g. This splitting is defined as Rabi 
Splitting Ω  , or normal-mode splitting, which serves as an indication of the light-
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matter coupling strength of the system. Rabi splitting of a given system at the antinode 
of the cavity can be expressed as: 
=                          (1.11) 
Where n is the number of oscillators, Vm is the mode volume, and f denotes the 
oscillator strength, a dimensionless quantity representing the transition probability. 
Therefore, in microcavities with small mode volume and high quality factors (small 
damping), Rabi splitting is expected to be significantly enhanced. The observations of 
strong coupling in microcavities were first succeeded in atomic systems in 1980s,21,22 
and later in 1992, Weisbush et al. observed normal mode splitting in semiconductor 
quantum wells embedded in vertical cavity surface emitting lasers (VCSELs) 
microcavities.23 So far, strong coupling has been demonstrated in various microcavity 
systems, including distributed Bragg reflectors (DBR),24 whispering-gallery 
nanocavities,25,26 as well as semiconductor nanowires 27,28 and nanobelts.29 
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Figure 1.1 Strong exciton-photon coupling in a two-level system. (a) polariton 
dispersions. Gray dotted line represents the photon dispersion, blue dotted line 
represents the exciton dispersion, and black solid lines represent the dispersions of 
the two polariton branches. (b) Hopfield coefficients calculated from (a). 
 
Polaritons can be represented by linear superpositions of the excitons and photons 
as: 
Ψ , = +                      (1.12) 
Ψ , = − +                    (1.13) 
Hence, the matter and light fraction of the upper and lower polariton branches are 
determined by the modulus squared of X and C, and are termed as the Hopfield 
coefficients16:  
| | = 1 + ∆∆                   (1.14) 
| | = 1 − ∆∆                   (1.15) 
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Where ∆E represents the exciton-photon detuning −  . At zero detuning, 
∆E = 0 , | | = | | =  . Both the upper and lower polariton branches are 
exactly half-exciton half-photon. At positive detuning, the upper polariton is more 
exciton like while the lower polariton is more photon like, and vice versa. The Hopfield 
coefficients of the system in figure 1.1 (a) are plotted in figure 1.1 (b). The physical 
properties of polaritons, such as their effective masses, lifetimes, and dispersions, are 
fully controlled by the Hopfield coefficients, i.e., their exciton and photon fractions. 
The unique half-matter-half-light nature of polaritons enables fascinating physical 
phenomena and novel photonic devices. For example, as polaritons not only have the 
characteristics of photons including small effective mass, fast propagation and long 
range spatial and temporal coherence, but also, via their matter fraction, possess strong 
inter-particle interactions that greatly enhances their nonlinear properties, they open the 
door of intriguing coherent phenomena: polariton Bose-Einstein condensation30,31 and 
polariton lasing30,32. Their enhanced nonlinearity also enables optoelectronic/all-optical 
circuit elements like polariton switches33, transistors34, and logic gates33,35,36, which are 
critical elements to photonic computation. Moreover, the dispersions of polaritons are 
strongly modified by their excitonic fraction, and can hence be significantly different 
from that of photons, which generates slow light that is advantageous for sensing37 and 
enhancing nonlinear processes38. 
The concept of strong light-matter coupling and the formation of exciton-photon 
polaritons can be extended into relevant fields, such as intersubband polaritons39, 
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phonon polaritons40 or surface plasmon polaritons41. The system we will focus on in 
this thesis is the exciton-plasmon system, which has ultrasmall mode volumes at the 
expanse of high losses, compared with conventional photonic cavities. Although large 
coupling strength is required to overcome the high loss to reach the strong coupling 
regime, however, once it is reached, ultra large Rabi splitting can be expected due to 
the greatly enhanced light-matter interaction in highly confined cavities. Moreover, rich 
exciton-plasmon coupling phenomena such as Fano resonance42-44 and electromagnetic 
induced transparency (EIT)45,46 that are not generally accessible in photonic systems 
can also be observed in such highly lossy and strongly coupled systems. Currently, 
exciton-plasmon coupling becomes a significant field in nanophotonics and plasmonics, 
and strong exciton-plasmon coupling has been realized in various geometries including 
metallic nanoparticles47, gratings48 and lattices49-52. with giant Rabi splitting of up to 
several hundred meV48-52, at least one order of magnitude larger than ordinary photonic 
microcavities.  
In general, the eigenstates of a coupled system with multiple resonances, both 
electrical and optical, can be treated by a coupled oscillator model (COM), where the 
system’s Hamiltonian is written as: 
H =
− …
− …− …⋮ ⋮ ⋮ ⋱
              (1.16) 
Where   and γ   denote the energy and decay rate of each uncoupled states, 
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respectively, and  represents the coupling strength between the ith and jth states. 
The eigenstates of the coupled system and their compositions can then be found by 
solving the eigenstates and eigenvectors of the Hamiltonian matrix. The new 
eigenstates are linear superpositions of all uncoupled states, and their physical 
properties are determined by the fraction of each state.  
1.2 Surface plasmon resonance and Plasmonic lattices 
Surface plasmon resonances (SPRs) are electromagnetic excitations arising from 
collective oscillation of electrons of a metal at the metal-dielectric interface. Depending 
on the geometry, SPRs can be classified into two types: surface plasmon polaritons 
(SPPs) that propagate along the interface of the metal-dielectric interface, and localized 
surface plasmon resonances (LSPRs) that are confined to plasmonic nanostructures. 
SPRs produce subwavelength-scale confinement near the metal-dielectric interface and 
high local field enhancement, leading to strong light-matter interactions, and hence 
enabling the observation of surface enhanced Raman scattering (SERS) 53,54, giant 
enhancement of spontaneous emissions13, strong exciton-plasmon coupling with 
coupling strengths up to hundreds of meV48-52, and plasmon lasing at deep 
subwavelength scales55-57, which can find practical applications in quantum 
computing58,59, biosensing60,61, photothermal therapy62,63, and nanoscale light 
sources55,64.  
Lately, there has been a growing interest in studying the plasmonic resonances and 
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their interaction with materials in a unique plasmonic system: plasmonic lattice. 
Combining the advantages of both the strong field confinement of the local plasmonic 
modes and the high coherence of the propagating mode, plasmonic lattices serve as idea 
platforms in studying and manipulating the light-matter interactions in plasmonic 
systems. There are two distinct resonances exhibit in plasmonic lattices. Firstly, their 
building blocks, plasmonic nanostructures present localized surface plasmon 
resonances (LSPRs) that tightly confine and strongly enhance the electric field near 
their vicinity, resulting in ultrasmall mode volumes and hence ultrastrong light-matter 
interactions. The resonance energies, field enhancement, mode volumes and mode 
polarizations of LSPRs are highly sensitive to the sizes, shapes and local dielectric 
environments of the nanoparticles, and can hence be effectively controlled by design. 
Secondly, when arranged into lattices, these nanostructures can couple coherently to the 
diffraction modes of the lattice via Raleigh-Wood’s anomaly65, and form a propagating 
lattice mode with relatively high quality factor and long spatial coherence. Finally, these 
two different types of resonances can couple strongly together and give rise to a unique 
type of plasmonic resonances named surface lattice resonances (SLRs). SLRs combine 
the best features of LSPRs and the diffraction modes, enable both strong light-matter 
interactions through the LSPR component, and allow distant materials to couple 
coherently via the propagating modes. Moreover, the LSRs are relatively simple to 
fabricate, and can be engineered with great freedom by tuning the LSPR and the 
diffractive mode individually via designing the geometries of the nanostructures and 
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the lattice arrangement.  
1.2.1 Localized surface plasmon resonances 
Localized surface plasmon is a non-propagating, fundamental excitation of the 
conduction electrons of metallic nanostructures coupled to the light field.41 When a 
subwavelength conductive nanoparticle is placed in an oscillating electromagnetic field, 
an effective restoring force arises from the curved surface of the nanoparticle, resulting 
in a resonance that amplify the electric field both inside and at the vicinity of the particle. 
Such resonance is defined as localized surface plasmon resonance (LSPR). For noble 
metals, such as silver and gold, the LSPR wavelengths lie in the visible region, give 
rise to bright colors in both reflection and transmission, due to the resonantly enhanced 
scattering and absorption.  
For a spherical nanoparticle with radius ≪ λ, the wavelength of the light, the 
resonance problem can be solved by a quasi-static approximation. Suppose a sphere 
with a homogeneous dielectric constant ε located in a dielectric medium ε , and a 
static and uniform electric field E0 is applied, as shown in Figure 1.2.  
 
Figure 1.2 Schematics of a metallic sphere in a uniform, static electric field.  
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The lowest order normal mode of the electrical potential inside and outside the 
sphere can be solved as: 
φ = − cos                      (1.17) 
φ = − cos + cos              (1.18) 
It can be seen that the electric field inside the sphere is uniform, while the outside 
field is a superposition of a uniform field and a dipolar field induced by a dipole moment 
located at the center of the particle. Therefore, the fundamental LSPR is a dipolar mode. 
Hence, we can introduce the polarizability: 
α = 4π                         (1.19) 
The resonance condition is thereby | + 2 | = 0. At the resonance, the electric 
field can be tightly confined as well as greatly enhanced near the vicinity of a deep 
subwavelength metallic nanoparticle, which results in an ultrasmall mode volume, and 
allows for ultrastrong light-matter interactions. 
The scattering and absorption cross sections are proportional to |α|  and Im , 
respectively. As α is proportional to the volume of the nanoparticle, the absorption 
process is dominated in small nanoparticles while scattering process is dominated in 
large particles.  
For larger particles with dimensions do not satisfy ≪ λ , the quasi-static 
approximation is no longer valid due to the phase variation within the particle, and more 
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sophisticated theory is required. In 1908, Mie developed a complete theory to describe 
the resonance of a sphere, by expanding the electromagnetic field into a set of normal 
modes.66 According to Mie theory, a dipolar LSPR is damped by two competing 
processes: non-radiative decay process due to absorption via interband or intraband 
electron transitions; and radiative decay process of coherent electron oscillation into 
photons. Due to the high damping rate of both processes, LSPRs generally have short 
lifetimes of several femtoseconds, corresponding to a low quality factor of ~5-10. The 
radiative decay process starts to dominate as the particle size increases, leading to a 
further broadening of the resonance.  
1.2.2 Collective resonances in plasmonic lattices: Rayleigh-Wood’s anomaly and 
surface lattice resonance 
In 1902, Wood observed a striking phenomenon while measuring the reflectance 
from a gold grating: sharp drops appeared at certain incident angles (Figure 1.3), and 
named these spectra drops as ‘singular anomalies’.65 The first interpretation was 
proposed by Rayleigh67,68 that the anomaly occurs when the high-order diffractive light 
passes-off the surface of the grating. This diffractive beam can interact strongly with 
the SPPs of the metal grating, and thereby gives rise to an anomaly in the reflection 
spectrum. The resonance condition is therefore given by: 
= sin ± 1                            (1.20) 
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Figure 1.3 Reflectance spectra of a gold grating illuminated by a continuous light 
source obtained by Wood. Reprinted with permission from ref. 65. © 1902 Taylor & 
Francis 
 
Where n is an integer, λ is the wavelength of the light, d is the period of the grating, 
and θ refers to the angle of incidence. This equation denotes a linear dispersion in E −
k  or λ − sin   space. This phenomenon was then named as Rayleigh-Wood’s 
anomaly. 
Along with the lately rapid development of plasmonics, the concept was soon 
extended to plasmonic nanostructure 1D or 2D arrays. In these systems, the diffraction 
modes of the array couples strongly to the LSPR of individual nanostructures, giving 
rise to a new type of resonance named surface lattice resonance (SLR). The theoretical 
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prediction of SLRs were first proposed by Carron et al. in 1980s,69 and followed up by 
Markel in 1990s70,71 and more recently Zou et al.72 In these works, the LSPR of 
periodically spaced nanoparticles are treated as coupled dipoles (coupled-dipole 
approximation, CDA), and sharp resonances arise near the Rayleigh-Wood’s condition, 
i.e., when a diffractive beam passes off the array plane, indicating the occurrence of 
collective oscillation mediated by the diffractive coupling of the LSPR. Alternatively, 
the dispersions of SLRs can be partially understood by more phenomenological models, 
including an extended Fano theory 73,74, or coupled oscillator model (COM) that has 
been widely applied to study the strong coupling of two states.  
Experimentally, SLRs have been extensively studied in various plasmonic lattice 
geometries and via different experimental methods. Some earliest efforts were made by 
Lamprecht et al. (2000)75, Haynes et al. (2003)76, Hicks et al. (2005)77 and Sung et al. 
(2008)78. In these works, strong modification of the extinction spectra of a plasmonic 
array by the lattice pitch (interparticle spacing) were reported, thereby highlighting the 
role of the collective interactions between the nanoparticles. However, sharp resonances 
were not observed in these early stage approaches because of either an inappropriate 
choice of the lattice pitch or the lack of the angle resolution in illumination or 
observation. In 2008, Auguié et al. reported narrow peaks in extinction spectra of gold 
nanoparticle arrays at normal incidence, and successfully correlates the experimental 
observation with the SLRs predicted by the CDA (Figure 1.4 (a)).79 At the same time, 
Kravets et al. observed sharp resonances in both reflectance and extinction spectra, in 
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Au single- and double-nanodisk arrays, with large angles of incidence (Figure 1.4 (b)).80 
Later, Rivas and coworkers mapped out the SLR E − k dispersions experimentally in 
Au nanorod arrays by keep changing the light’s incidence angle (Figure 1.4 (c)),81,82 
and interpreted the observations by a COM to account for the strong coupling between 
LSPR and the lattice diffraction mode. Recently, Fourier optics methods were also 
applied to study the dispersions SLRs in several works.51,83 These experimental studies 
allow deeper understandings of the SLRs in plasmonic lattices as well as enable the 
observations of tremendous light-matter interaction phenomena in this unique 
plasmonic system. 
 
Figure 1.4 Experimental observations of SLRs in different plasmonic lattices (a) 
Extinction spectra for several gold nanoparticle arrays at normal incidence. The 
average particle size was 123×85×35 nm for the main graph and 120×90×35 nm. 
Reprinted with permission from ref. 79. © 2006 American Physical Society. (b) 
Extinction spectra of an Au double-nanodisk array as a function of the angle of 
incidence. The electric field of the incident wave is perpendicular to the long axis of the 
double disk structure. Left inset: SEM image of the array. Right inset: A zoom of the 
extinction at 64o incidence. Reprinted with permission from ref. 80. © 2008 American 
Physical Society. (c) Extinction spectra as a function of k// for an Au nanorod array with 
rods sizes of 450×120×38 nm Inset shows the SEM image of the corresponding 
array. Reprinted with permission from ref. 81. © 2011 American Physical Society. 
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Arising from the coupling between the LSPR and diffraction modes, SLRs can 
combine the advantages of both individual components, including strongly amplified 
local E-field and small mode volume of the LSPR, as well as the enhanced quality factor, 
relatively long spatial coherence and high directionality of the propagating diffraction 
mode. Due to these unique properties, studying the light-matter interactions in 
plasmonic lattices nowadays becomes one of the most active areas in plasmonics. 
Fluorescence enhancement, shaping and redirection were recently demonstrated;84-86 
Plasmonic lattices based sensors were reported by utilizing the high sensitivity of the 
SLRs to the local refractive environment;87 Directional Lasing from the SLR’s band 
edge was observed in plasmonic lattices in both near IR and visible regions;57,83,88 
Strong exciton-plasmon coupling was realized in plasmonic lattices integrated with 
both organic and inorganic semiconductors with the coupling strengths over 1 order of 
magnitude higher than in conventional optical cavities;49-52 Polariton lasing, a 
phenomenon related closely to the Bose-Einstein condensation of polaritons, was 
reported in strongly coupled exciton-plasmon systems recently.89 In particular, among 
these great works, our group performed a series of systematic study on the exciton-
plasmon coupling of plasmonic lattices coupled with newly discovered 2D 
semiconductors, including Purcell enhancement of photoluminescence and Fano 
resonances,90 strong exciton-plasmon coupling,91 and active tuning of the coupling 
strengths via electrical gating, which will be discussed in detail in the following 
chapters.  
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As mentioned earlier, there are mainly three approaches to understand the nature 
of the SLRs: coupled dipole approximation (CDA), coupled oscillator model (COM) 
for strong LSPR-lattice coupling, and Fano theory to study the resonance lineshapes. 
Here, we will give a brief introduction on each of these three approaches. 
1.2.2.1 Coupled dipole approximation (CDA) 
The most accurate state of the art approach to calculate the SLRs is via the coupled 
dipole approximation (CDA). CDA predicts the system’s response by calculating the 
dipole moment induced by each nanoparticle in the presence of both the applied E-field 
and the dipole fields generated by other nanoparticles. Following derivation is 
reproduced with permission from ref.72 (© 2004 AIP Publishing). Suppose the ith 
particle in the array is located at  and has the polarizability  , then the dipole 
moment induced by this nanoparticle is: 
= ,                         (1.21) 
Where ,   denotes the local field experienced by this particle, and it can be 
expressed as: 
, = , + , = exp ∙ − ∑ ∙       (1.22) 
Where  is the dipole interaction matric and is written as: 
A ∙ = × × + 1 − ∙     (1.23) 
Where  is the vector from particle i to particle j.  
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From equation (1.21) & (1.22) we can get: 
+ = exp ∙                  (1.24) 
For an array with N particles, there are N such linear equations, the polarization 
vectors can be obtained by solving these equations. After determining the polarization 
vectors, the extinction cross section can be calculated as: 
C = | | ∑ Im ,∗ ∙                 (1.25) 
For an array with infinite particles in vacuum, and with the wave vector normal to 
the array plane, it is possible to solve equation (1.24) analytically, resulting in the 
expression of the polarization of each particle as: 
P =  and C = 4 Im /             (1.26) 
Where S is the dipole sum: 
S = ∑ +           (1.27) 
With θ  being the angle between  and the incident light polarization. For small 
spherical plasmonic particles near its LSPR mode, by applying Drude model and 
equation (1.19), the polarizability of individual particles can be approximated to: 
α = ⁄                           (1.28) 
Where A is a positive real number,  is the LSPR frequency, and γ is the Drude 
width. Substitute into equation (1.26) we get: 
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P = ⁄                   (1.29) 
A sharp resonance appears when the imaginary part of the denominator vanishes, 
whose wavelength is slightly larger than the lattice spacing, indicating that the 
diffraction mode (with the wavelength exactly equals to the lattice spacing) interacts 
strongly to the LSPR of individual particles, and produces a strong and sharp new 
resonance-surface lattice resonance. Figure 1.5 shows the surface lattice resonances 
predicted by the CDA, with gold nanoparticles of 100 nm radius and various array 
period. It can be seen that the SLRs have strongly asymmetric lineshape, especially 
when they approach the LSPR of single particles. For realistic nanoparticles, Mie 
scattering or multipole expansion should be taken into account for higher order local 
fields.  
 
Figure 1.5 Extinction spectra of a one-dimensional chain of 400 Ag nanoparticles with 
100 nm radius predicted by CDA. Reprinted with permission form ref.72. © 2011 AIP 
publishing. 
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Although the CDA approach provides deep physical insights and the most accurate 
prediction of the energies and lineshapes of the SLRs, it can only be readily applied to 
limited cases. In an inhomogeneous environment, or with inclined light incidence, the 
calculation based on CDA becomes very complicated, in these cases, alternative 
approaches can be applied to estimate the SLRs of the plasmonic lattices. 
1.2.2.2 strong LSPR-Diffraction mode coupling by coupled oscillator mode (COM) 
An alternative approach to calculate the SLR dispersion is the coupled oscillator 
model (COM). COM views different resonances as lossy oscillators, and induces a 
phenomenological term g as the coupling strength between these oscillators. Hence, 
analogous to the derivation in chapter 1.1.2, the system’s Hamiltonian (take a two-level 
system as a demonstration of concept) can be written as: 
= − −                        (1.30) 
Where E and γ denote the energy and damping of the uncoupled states, respectively. 
The new eigenstates of the coupled system can be determined by solving the time-
independent Schrodinger’s equation. As formally described in chapter 1.1.2, an anti-
crossing behavior is expected in the dispersion when the two uncoupled oscillators are 
brought into resonance, which is also revealed in figure 1.5: away from the LSPR mode, 
the SLR follows nearly exactly the Rayleigh-Wood’s anomaly condition (in this case 
23 
  
λ = d), whereas when it approaches the LSPR position, it redshift from the Rayleigh’s 
conditions and broadened in linewidth, due to its coupling with the LSPR. This strong 
coupling behavior will be further discussed in detail in chapter 2 both experimentally 
and via COM fitting.  
1.2.2.2 Extended Fano theory 
Fano resonance is a type of resonance with an asymmetric lineshape resulted from 
the interference between a narrow resonance and a continuum. The narrow resonance 
changes its phase by π rapidly within its FWHM, while the background continuum 
remains nearly unchanged. Therefore, away from the continuum, the two resonances 
interfere constructively, and near the continuum, they interfere destructively, resulting 
in an asymmetric lineshape. The scattering cross-section calculated by the Fano theory 
is given by73: 
σ ≅                         (1.31) 
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Figure 1.6 Fano lineshapes as functions of q. Reprinted with permission from ref.73. 
© 1961 American Physical Society. 
 
Where   and   denote the energy and damping of the narrow resonance, 
respectively, and q is the Fano parameter, characterized by the ratio of the resonant 
scattering to the background scattering. The lineshapes of the Fano resonance as 
functions of q are plotted in figure 1.6  
More generally, an extended Fano theory was developed by Benjamin Gallinet et 
al.74 by taking into account the losses in both the narrow and broad resonances, and the 
Fano lineshapes can be obtained by considering two coupled harmonic oscillators under 
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an external harmonic driving force. The equations of motion of the system can be 
written as: 
− −
− − = ⁄ ∙        (1.32) 
In plasmonic lattices, the diffraction modes are in general much narrower than the 
LSPR, hence the coupled resonance, SLR, can have highly asymmetric lineshapes 
(figure 1.5) that can be described by the extended Fano theory. It is worth noting that 
the extended Fano theory is closely correlated to the coupled oscillator model described 
in the previous section. The only difference between these two approaches is that the 
COM model focused on calculating the eigenstates of the system, while Fano theory 
emphasizes on the lineshapes of the coupled resonances.  
In this thesis, the phenomenological COM method is applied to study the SLRs of 
the plasmonic lattices and further their coupling with active materials, for two reasons: 
(1) The system has an inhomogeneous environment, and the light is incident with a high 
N.A. objective which contains a wide range of incidence angle, hence CDA is not easily 
applicable. (2) COM is the standard model for studying the strong light-matter coupling, 
therefore, by applying COM, the coupling between all different resonances within the 
system, both photonic and electrical, can be consistently integrated into one physical 
model. In fact, COM has been extensively applied in plasmonic gratings and lattices to 
understand the light-matter coupling even in the cases CDA is applicable49, as it 
provides valuable physical insights into the coupling between different resonances. 
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Therefore, in this thesis, we will restrict our study to the COM method. 
1.3 Optical and electronic properties of monolayer MoS2 
Ever since the discovery of the first atomically thin, two-dimensional material: 
graphene, the studies on 2D materials become one of the most significant fields of the 
condensed matter physics. Among these new materials, monolayer transition metal 
dichalcogenides (TMDs), such as MoS2, are of special interests in nanophotonic, for 
several reasons. Firstly, unlike metallic graphene, they are direct band gap 
semiconductors with the band gap in the visible region, which can interact effectively 
with visible light.92 Secondly, they exhibit excitons with strong exciton binding 
energies,93,94 which may allow strong light-matter interactions that is robust to high 
temperature or high carrier densities. Thirdly, the different spins of the electrons are 
locked to the two degenerate valleys at the Brillouin zone edges, respectively, leading 
to valley dependent selection rules of the photon transition.95 These unique properties 
provide great opportunities in understanding and tailoring the light-matter interactions 
in 2D systems, including Purcell enhancement,90 exciton-photon and exciton-plasmon 
coupling 96 91, and spintronics, as well as pave the way for novel, ultrathin and flexible 
optoelectronic devices.  
1.3.1 Structure, band structure and optical transitions of MoS2 
MoS2 has a hexanol crystal structure with alternatively arranged Mo and S atoms 
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(figure 1.7 (a)). While bulk MoS2 is indirect band gap semiconductor, when thinned 
down to a monolayer, it becomes a direct band gap semiconductor with the direct band 
gaps located at the corners of the Brillouin zone, i.e., K and K’ points (figure 1.7 (a) 
and (b)). As a result, monolayer MoS2 exhibits significantly stronger PL than 
multilayers (figure 1.6 (c)).  
 
Figure 1.7 Structure and band structure of MoS2. (a) crystal structure and Brillouin zone 
of MoS2. Reprinted from ref.97. © 2011 Macmillan Publishers Ltd. (b) band diagram of 
bilayer (left) and monolayer (right) MoS2 with indirect and direct band gaps, 
respectively. Reprinted from ref.92. © 2010 American Chemical Society. (c) 
photoluminescence from monolayer and bilayer MoS2.Reprinted from ref.98. © 2010 
American Physical Society.  
Due to the strong spin-orbit coupling, the valence band of MoS2 splits into two 
bands, giving rise to two exciton transitions: A and B excitons at 1.92 and 2.08 eV, 
respectively at room temperature. As a result of the 2D quantum confinement as well 
as the reduced dielectric screening in a 2D geometry, the exciton binding energies are 
exceptionally strong in MoS2. The binding energy of A exciton is calculated to be ~0.85 
eV by Cheiwchanchamnangij et al. and Ramasubramaniam93,94, more than one order of 
magnitude stronger than conventional three dimensional semiconductors. This unique 
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2D property also gives rise to tightly bound trion, a quasiparticle composed of two 
electrons and one hole. The first observation of trions was reported by K. F. Mak et al.99 
via gate dependent optical absorption and photoluminescence measurement (figure 1.8), 
and the trion binding energy was calculated as ~20 meV. This observation is then 
confirmed by several followed up studies in MoS2 as well as other monolayer TMD 
materials. The relative strengths of neutral excitons and trions can be controlled by the 
doping level of the sample via electrical gating or optical injection. 
 
Figure 1.8 Optical transitions in monolayer MoS2. (a) Absorption spectrum of MoS2 
showing A and B neutron excitons at 1.92 and 2.08 eV, respectively. (b) & (c) 
Absorption and photoluminescence spectra of monolayer MoS2 as a function of gate 
voltages showing in figure (b). Trion transition (A-) dominates at positive gate voltages 
while neutral exciton transition (A) is more evident at large negative gate voltages. 
Reprinted with permission from ref. 99. © 2012 Macmillan Publishers Ltd. 
1.3.2 Monolayer TMDs field-effect transistor 
Field-effect transistor (FET) is the essential building block of modern information, 
computation and communication technologies. Rapid improvement of FET 
performance and reduction of its size are critical to this important field. In contrast to 
graphene, monolayer and few-layered TMDs possess a bandgap, which is mandatory 
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for FET operation, hence become promising candidates for fabricating ultrathin and 
flexible FETs. The first monolayer MoS2 FET was demonstrated in 2011 by B. 
Radisavljevic et al.,100 and soon attracted worldwide attention. Due to its relatively 
large bandgap (~2 eV) and ultrathin nature, a good switch on-off ratio of 108 was 
achieved with 4 V gate voltage. Subsequently, several followed up works were reported, 
with monolayer or few-layered MoS2 obtained by exfoliation and CVD growth.101-103 
Recently, simple circuits with MoS2 FETs have also been realized.103,104 
Besides the potentials in generating practical electronic devices, monolayer or few-
layered TMD FETs also attract great interests in optical physics, as the optical 
properties of these 2D semiconductors can be effectively controlled by gate voltages. 
As mentioned in the previous section, at different doping levels, trion or neutral exciton 
transitions can be observed with tunable binding energies.99 Moreover, Zhang et al. 
realized electrically switchable chiral light-emitting transistors in WSe2 by utilizing its 
unique spin-valley physics, and pushing the system into ambipolar region by ion-gel 
gating.105 In addition, Yu et al. demonstrated gating induced second harmonic 
generation in bilayer WSe2 via tuning the interlayer coupling.106 Here, in chapter 5, we 
will also discuss active tuning of the exciton-plasmon coupling strengths via electrical 
gating.  
1.3.3 Coupled spin and valley physics in monolayer MoS2 
In monolayer MoS2, the conduction band and valence band edges are located at the 
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two inequivalent K and K’ edges of the Brillouin zone with large separation in 
momentum space. The inversion symmetry breaking of MoS2 gives rise to the valley 
dependent selection rule: each valley corresponds to one circular polarization in both 
emitting and absorption processes. Moreover, MoS2 has a strong spin-orbit coupling 
(SOC) originated from the d orbits of Mo, leading to coupled spin and valley physics 
and suppressing of spin relaxation via the valley degree of freedom. Such properties 
allow the manipulation of valley spins via optical, electric and magnetic methods. In 
2012, Zeng et al. and Mak et al. have demonstrated controlling of valley polarization 
in MoS2 monolayers by optical helicity, in which ~30% circular polarization was 
observed in photoluminescence by circularly polarized laser excitation.107,108 In 2014 
and 2015, valley selective Zeeman effect was discovered simultaneously by several 
groups,109-111 showing that magnetic field can induce valley splitting by a few meV via 
time-reversal symmetry breaking. Meanwhile, a large valley splitting corresponding to 
a magnetic field of ~60 T was achieved by ultrafast optical pulses via optical stark 
effect.112,113 Especially, currently, there has been a growing interest in studying the 
valley-polarization of exciton-polaritons.114,115 Enhanced valley polarization was 
observed with polariton formation that have been shown to be robust to high 
temperature and defects. These findings may pave the way for manipulating the valley 
degrees of freedom in strong coupling regime and enable polaritonic spintronic devices. 
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1.4 Overview of the thesis 
Chapter 2 discusses the optical properties of the plasmonic lattices. LSPRs of Ag 
plasmonic nanostructures with different sizes and shapes were first studied by both 
finite-difference time-domain (FDTD) simulation and reflectance measurement. Then, 
SLRs of plasmonic nanodisk lattices with different pitches and nanodisk sizes were 
characterized by angle-resolved reflectance measurement and COM fitting. 
Chapter 3 demonstrates exciton-plasmon coupling phenomena in monolayer MoS2 
integrated with Ag bowtie arrays in weak and intermediate coupling regime. In weak 
coupling regime, lager Photoluminescence enhancement up to 40-fold was observed 
when MoS2 is coupled to the plasmonic array, and the relationship between the PL 
enhancement and the plasmonic resonances was investigated by varying the 
geometrical factors of the plasmonic lattices. At low temperature, Fano-resonances 
were observed in reflectance spectra near the exciton energy when the plasmonic 
resonances was tuned to the excitonic region, indicating that the system reaches a 
stronger exciton-plasmon coupling regime.  
Chapter 4 discusses strong exciton-plasmon coupling in the MoS2 coupled with Ag 
nanodisk lattice system. Strong coupling was first confirmed at 77 K by experimentally 
observed normal mode splitting in angle-resolved reflectance spectra and the coupling 
strengths were calculated by COM fitting. We will demonstrate that the strong coupling 
strengths, polariton compositions and dispersions can be effectively engineered by 
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plasmonic lattice design. Then we will show that the strong coupling phenomena 
survives at room temperature by measuring temperature dependent reflectance spectra, 
indicating possibilities of creating room temperature polaritonic devices. 
Chapter 5 demonstrates active tuning across the weak and strong exciton-plasmon 
coupling regimes via electrical gating, by integrating the MoS2-plasmonic lattice 
system with a FET geometry. We show the decreasing and eventually complete 
vanishing of the exciton-plasmon coupling strengths while applying positive gate 
voltages, as well as the increasing of the trion-plasmon coupling strengths that 
approaches strong coupling regime at gate voltages up to 100 V. The implication of 
such findings in active polaritonic devices and magnetic plasmonics will be discussed.  
Chapter 6 illustrates chiral exciton-plasmon strong coupling enabled by a chiral 
plasmonic lattice design. Square lattices composed of Ag nanorods with the nanorods 
tilted at a certain angle with respect to the lattice frame were applied in this research. 
Chiral SLRs responded to different helicity of light in these lattices and the resulted 
chiral exciton-plasmon coupling will be studied via both FDTD simulation and 
reflectance measurement.  
Finally, in chapter 7, we propose several future researches based on the work 
presented in this thesis. Firstly, we will discuss the possibility to achieve valley selective 
strong exciton-plasmon coupling by different plasmonic lattice designs, and studying 
the valley polarizations of the exciton-plasmon coupled system by lifting the valley 
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degeneracy via optical or magnetic fields. Secondly, we will propose active, electrically 
configurable metasurfaces design by coupling metasurfaces with monolayer MoS2.  
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Chapter 2. Plasmonic lattices and surface lattice resonances 
This chapter is reprinted in part with permission from “Liu, W., Lee, B., Naylor, C. H., Ee, H.-S., 
Park, J., Johnson, A. C. & Agarwal, R. Strong Exciton–Plasmon Coupling in MoS2 Coupled with 
Plasmonic Lattice. Nano Lett. 16, 1262-1269, (2016)” © 2016 American Chemical Society 
To understand and engineer the light-matter interactions in MoS2 integrated with 
plasmonic lattices, we first characterized the plasmonic resonances in these lattices. In 
this chapter, LSPRs, lattice diffraction modes, and SLRs in plasmonic lattices with 
different geometries will be discussed via FDTD simulation, experimental 
measurement, and COM fitting.  
2.1 Plasmonic lattice fabrication and morphology characterization 
Plasmonic lattices were patterned on SiO2 substrate with 300 nm thermally grown 
SiO2. The substrate was first spin coated with one layer of PMMA 950 A2 at 2000 r.p.m 
for 60 seconds. Various plasmonic nanostructures were then defined by electron beam 
lithography with 5 nm resolution. After 1 min development in MIBK:IPA 1:3 solution, 
50 nm silver was deposited by physical vapor deposition, and followed by a lift-off 
process. The fabrication procedure is shown in figure 2.1.  
 
Figure 2.1 Fabrication procedure of Ag plasmonic lattices 
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The sizes and shapes of the plasmonic structures were characterized by scanning 
electron microscope (SEM) after the optical measurements. Figure 2.2 shows several 
examples of the SEM images for plasmonic bowtie, nanodisk, and nanorod arrays.  
 
Figure 2.2 SEM images of Ag plasmonic lattices. (a) Bowtie array. (b) Nanodisk array. 
(c) Nanorod array. 
 
2.2 LSPR of the fabricated plasmonic lattices 
As discussed in chapter 1, LSPRs of plasmonic nanostructures depend sensitively 
on their shapes, sizes and the local environment. In this section, we investigate LSPRs 
of three different nanostructure geometries: nanodisks, bowties, and nanorods via both 
finite-difference time-domain (FDTD) simulation and reflectance measurement.  
2.2.1 Nanodisks 
The LSPR modes of Ag nanodisks patterned on 300 nm SiO2/Si substrate were first 
studied by FDTD simulation. Figure 2.3 shows the E-field distribution of the 1st order 
LSPR at the Ag-SiO2 interface of an Ag nanodisk with 120 nm diameter, excited by a 
plane wave polarized along x direction. The overall E-field distribution is two-fold 
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symmetric, hence this mode is termed as the dipolar mode. The dipolar mode contains 
strong local E-field in both in-plane (x and y) and out of plane (z) polarizations. While 
the in-plane components have monopolar (x) and quadripolar (y) characteristics, the 
out-plane E-field component oscillates as a dipole, hence allowing efficient far-field 
coupling.  
 
Figure 2.3. Electric field profile of the dipolar LSPR of Ag nanodisk. Nano disk 
dimensions: r = 60 nm, h = 50 nm. Figure (a)-(c) show electric field polarized along (a) 
x, (b) y, and (c) z directions, respectively. (d) Magnitude of the total electric field. Inset: 
schematics of the system geometry. 
 
The first and second order LSPR positions as functions of disk diameters are 
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determined by calculating the extinction cross section, and plotted in figure 2.4. The 
LSPR position is positively correlated with the disk diameters as expected, and they 
scan across 560-700 nm wavelength region, the excitonic region of MoS2 and hence the 
wavelengths of interests of this thesis, with disk diameters of 100-170 nm.  
 
 Figure 2.4 Nanodisk LSPR mode position as a function of disk diameter. 
 
The LSPR of the system was then studied experimentally, by measuring the far-
field reflectance of fabricated arrays with lattice constant of 1000 nm. The interaction 
between nanodisks is weak in these lattices due to the large lattice constant, and 
measured dispersions via angle-resolved reflectance microscopy further confirmed that 
no or very weak lattice resonances were observed within 550 nm - 700 nm, the 
wavelength range relevant to the excitonic region of MoS2. Therefore, the measured 
resonances of these lattices can be approximately assumed to be the LSPRs of 
individual nanodisks. A dip in the differential reflectance ( − /  , with  
45 
  
measured on the SiO2 substrate directly) spectra of the arrays was observed and found 
to redshift with increasing disk diameters (Figure 2.6 (a)). We found that the dip 
positions in the measured reflectance spectra matched well with the simulated 
wavelengths of the first order plasmonic mode (figure 2.6 (b)). Therefore, the 
reflectance dips can be correlated to the first order LSPR modes of the individual 
nanodisks. 
 
Figure 2.5 (a) Far-field differential reflectance of six plasmonic lattices with nanodisk 
diameters ranging from 90-154 nm and 1000 nm lattice constant (uncoupled 
nanodisks). (b) LSPR wavelengths for the first and second order whispering gallery 
LSPR modes in individual silver nanodisks obtained by FDTD simulations along with 
the experimentally measured the dip positions from the reflectance spectra in (a) 
 
2.2.2 Nanorods 
Because of the asymmetric shape, the degeneracy of the LSPR modes of the two 
perpendicular polarizations is removed, hence, there exhibits two fundamental dipolar 
modes oscillating along the width and the length of the nanorods, respectively. Figure 
2.6 shows the field profiles of the transverse and longitudinal dipolar LSPR, which are 
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analogous to the dipolar modes of nanodisks, while the resonance wavelengths are 
slightly redshifted compared with nanodisks of the same diameters.  
 
Figure 2.6 Electric field profile of the LSPRs of a Ag nanorod. (a) Transverse mode. (b) 
Longitudinal mode. Nanorod dimensions: 170×110×50 nm 
 
Nanorods provide additional degrees of freedom in the plasmonic lattice design by 
tuning their orientations and aspect ratios. Especially, As the phases change drastically 
near the LSPR wavelengths, at a certain wavelength close to the transverse or the 
longitudinal mode, an phase difference can be induced between the x and z polarized 
light, which makes the nanorods effectively a waveplate. This feature will be further 
discussed and exploited in chapter 6 in chiral plasmonic lattice design.  
2.2.3 Bowties 
Composed of two tip-to-tip metallic triangles, bowtie also exhibits two dipolar 
modes: the longitudinal and transverse modes (figure 2.7). Especially, the longitudinal 
mode (figure 2.7(b)) is a gap LSPR mode which tightly confine the electric field 
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between the two tips, leading to ultra-small mode volumes and potentially allowing 
strongly enhanced light-matter interaction. As a result, plasmonic bowties are widely 
applied in optical trapping1, fluorescence enhancement2,3, surface enhanced Raman 
scattering4, and plasmon lasing5 studies.  
 
Figure 2.7 Electric field profile of the LSPRs of a Ag bowtie. (a) Transverse mode. (b) 
Longitudinal mode.  
 
In this section, we discussed the LSPR of three different plasmonic nanostructures, 
in the following chapters, the three different geometries will be applied in different 
light-matter interaction studies according to their different properties. Nanodisks, with 
the simplest structure and high tunability of the LSPR wavelength, will be applied to 
systematically study and understand the SLRs of  plasmonic lattices and strong 
exciton-plasmon coupling; Nanorods provide more degrees of control of the LSPR 
polarization, resonance wavelength and field profile, and hence will be utilized to 
design chiral plasmonic lattices and study chiral light-matter interaction; Bowties with 
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the highly-confined gap modes will be used to induce high Purcell enhancement of 
MoS2 PL in weak coupling regime. 
2.3 Surface lattice resonance 
As introduced in chapter 1, when arranged into period arrays, the LSPR of 
individual nanostructures will couple strongly and coherently to the diffraction modes, 
producing a coupled mode named surface lattice resonance (SLR). Here, we 
experimentally investigated the lattice dispersions via angle-resolved reflectance 
measurement with various nanodisk sized and pitches.  
The dispersions of the plasmonic lattices was measured by a home-built angle-
resolved setup6 (figure 2.8) and a white light source. The white light beam was focused 
on the sample by a microscope objective (60×, NA = 0.7, Nikon) to a spot size that 
could be adjusted from ~5-10 μm. Collimated light reflected from the sample was 
focused at the back focal plane (Fourier plane) of the objective and a lens was used to 
project the Fourier plane onto the entrance slit of a spectrometer (Princeton 
Instruments). The spectrometer CCD (2048 × 512 pixels) recorded both the wavelength 
of light and its spatial position at the entrance slit (angles of the reflected light) to extract 
the angle- and wavelength- resolved reflectance spectrum. 
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Figure 2.8 Schematic of the angle-resolved reflectance measurement setup 
 
First of all, we fix the lattice pitch and vary the disk diameter (LSPR). Five different 
arrays contained 100 × 100 equally sized silver nanodisks arranged in a square lattice 
with the lattice constants of all arrays fixed to 460 nm were fabricated directly on the 
SiO2/Si substrate. while the diameters of the nanodisks in different samples varied from 
100 nm to 170 nm to allow their LSPR modes to span the 590 nm - 650 nm wavelength 
range, the excitonic region of MoS2. Sharp diffraction modes were subsequently 
observed due to the collective diffraction of the array in the measured angle-resolved 
reflectance spectra (figures 2.9 (a)-(e)) for all the five arrays. For all samples, the lowest 
energy lattice resonances, i.e., the (±1,0) diffraction modes were observed with the Γ 
point (in plane wave vector k|| = 0) near 560 nm. Significantly, as observed in figure 2.9 
(b)-(d), for arrays with average disk diameters of 120 nm, 135 nm and 150 nm, we 
observed a pronounced anti-crossing of the dispersion curve near the LSPR 
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wavelengths (white dashed lines), which indicates strong coupling between the LSPR 
and the lattice resonances, implying that in the current system, the localized resonance 
of individual nanostructures can be coherently coupled to the collective diffraction of 
the lattices in these systems.  
 
Figure 2.9 The angle-resolved differential reflectance spectra for five plasmonic lattices 
patterned on bare Si/SiO2 substrates with disk diameters ranging from 100-170 nm 
and 460 nm lattice constant. White dashed line represents the wavelength of the LSPR 
modes and the red dots correspond to the dip positions obtained from the line cuts of 
the angle-resolved reflectance at constant angles. Blue solid lines are the fitting results 
obtained from a coupled-oscillator model. 
 
Secondly, to confirm the observation, we measured the dispersions of the lattices 
with fixed disk diameters d = 120 nm, while changing the lattice constant from 380-
500 nm (figure 2.10). In these cases, the diffraction modes redshift with increasing 
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lattice constants, while the anti-crossing region remained nearly unchanged near 600 
nm, hence further illustrates the SLR formation leaded by the LSPR-diffraction mode 
coupling.  
 
Figure 2.10 The angle-resolved differential reflectance spectra for four plasmonic 
lattices patterned on bare Si/SiO2 substrates with lattice constant ranging from 380 to 
500 nm and 120 nm disk diameters. White dashed line represents the wavelength of 
the LSPR modes and the red dots correspond to the dip positions obtained from the 
line cuts of the angle-resolved reflectance at constant angles. Blue solid lines are the 
fitting results obtained from a coupled-oscillator model. 
 
The dispersion curves were then fitted to a coupled-oscillator model (COM), with 
the Hamiltonian given by: 
S S SL
S S SL
SL SL LSPR LSPR
E i g g
H g E i g
g g E i



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  
      
 
where for the diagonal terms, E and γ denote the energy and the damping (half-width at 
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half-maximum7) of each mode and the subscripts S+, S- and LSPR stand for (+1,0),  (-
1,0) diffraction mode and LSPR, respectively. The off diagonal term, g, represents the 
coupling strength between the two resonances. For simplicity, the arrays are assumed 
to be symmetric for positive and negative in-plane wave vector k||, hence the coupling 
strengths of LSPR to both the (+1,0) and (-1,0) diffraction modes were set to be the 
same as gSL. The system eigenstates were solved and fitted to the experimental data, 
with the linear E-k dispersions of (±1,0) diffraction modes obtained from the 
dispersions of array with detuned LSPR (figure 2.9 (e), d = 170 nm), and LSPR energies 
and coupling strengths used as fitting parameters. The fitted LSPR energies for all disk 
sizes agree well with both experimental data and FDTD simulation results for 
individual (uncoupled) nanodisks as shown in figure 2.5 (b). For the group of arrays 
with lattice constants of 460 nm, coupling strengths between LSPR and diffractive 
modes obtained from the COM are 95 meV, 110 meV and 125 meV, for average disk 
diameters of 120 nm, 135 nm and 150 nm, respectively. The lattice-LSPR coupling 
strength is positively correlated with the disk diameter likely due to the increase of the 
nanodisk polarizability with increasing diameter, which also explains the weaker 
lattice-LSPR coupling in array with smaller disk diameter as in figure 2.9 (a), where no 
pronounced strong lattice-LSPR coupling is observed. On the other hand, for the group 
of arrays with averaged disk diameters of 120 nm (figure 2.10), the lattice-LSPR 
coupling strengths are 120 meV, 110 meV, 95 meV and 95 meV for lattice constants of 
380 nm, 420 nm, 460 nm and 500 nm, respectively, which are negatively correlated 
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with the lattice constants. Such correlation is probably because of both the enhanced 
interparticle interaction and the increased oscillator densities resulted from the reduced 
nanodisk spacing. The coupling strength between (+1,0) and (-1,0) diffraction modes, 
g±, was found to be negligible in all the measured arrays. The fitted polariton branches 
with negative k|| (figure 2.9 and 2.10, blue solid curves) show the dispersions and 
quality factors of the coupled lattice-LSPR modes change significantly as a function of 
lattice resonance-LSPR detuning. Away from the LSPR wavelengths, the coupled mode 
is dominated by the lattice resonance and therefore has a higher quality factor and a 
steeper dispersion, while near LSPR wavelengths, it becomes more LSPR-like with a 
lower quality factor and a nearly flat dispersion.  
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Chapter 3. Light-matter interaction between MoS2 and 
plasmonic lattices: weak and intermediate coupling regimes 
This chapter is reprinted in part with permission from “Lee, B., Park, J., Han, G. H., Ee, H.-S., 
Naylor, C. H., Liu, W., Johnson, A. T. C. & Agarwal, R. Fano Resonance and Spectrally Modified 
Photoluminescence Enhancement in Monolayer MoS2 Integrated with Plasmonic Nanoantenna 
Array. Nano Lett. 15, 3646-3653, (2015)” © 2016 American Chemical Society 
In this chapter, we will discuss the exciton-plasmon coupling between Monolayer 
MoS2 and plasmonic bowtie arrays in weak and intermediate coupling regime. In weak 
coupling regime, the enhanced exciton-plasmon interaction in the plasmonic lattices 
enables profound changes in the emission and excitation processes leading to spectrally 
tunable, large photoluminescence enhancement via Purcell effect, as well as surface-
enhanced Raman scattering at room temperature. Furthermore, intriguingly, at low 
temperatures, due to the decreased damping of MoS2 excitons interacting with the 
plasmonic resonances of the bowtie array, stronger exciton-plasmon coupling is 
achieved resulting in a Fano lineshape in the reflection spectrum, indicating that the 
system reaches an intermediate coupling regime. The ability to manipulate the optical 
properties of two-dimensional systems with tunable plasmonic resonators offers a new 
platform for the design of novel optical devices with precisely tailored responses. 
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3.1 Motivation and Introduction 
Two-dimensional crystals such as transition metal dichalcogenides (TMDs) offer a 
unique material platform to investigate novel properties of strongly confined systems 
that can be further manipulated with heterogeneous integration with other low-
dimensional systems1-5. However, their applications in fabricating photonic devices can 
be limited due to large nonradiative decay rates and small energy difference between 
different valleys with direct and indirect energy gaps, leading to extremely low 
photoluminescence (PL) quantum efficiency. Although increase in PL quantum 
efficiency of MoS2 has been achieved via chemical functionalization6 and integration 
with photonic crystal cavities7, the reported enhancements have been low and also 
requiring large device footprints. In addition to achieving large enhancements in PL, it 
would also be desirable if the light-matter coupling in these systems can be tuned from 
weak to strong coupling limit, to enable a whole new suite of optoelectronic 
applications with precisely tailored responses. 
Here, we will demonstrate a unique 2-D exciton-plasmon system composed of a 
monolayer of MoS2 integrated with a planar silver bowtie array to significantly tailor 
light-matter interactions in this system. As discussed in chapter 1&2, periodic 
patterning of bowties into an array leads to the coherent interactions between the LSPR 
and the lattice diffraction modes, resulting in further enhanced and much narrower 
surface lattice resonances (SLRs)8-11. By changing the geometrical parameters of the 
57 
  
bowtie array, we achieve broad spectral tunability of the SLRs. Through coupling of 
MoS2 with the SLRs, PL and Raman scattering of MoS2 are drastically modified at 
room temperature. At low temperatures, due to the lower dephasing rate of excitons, 
much stronger exciton-plasmon coupling is realized, which is manifested as Fano 
resonances in the reflection spectra. These results demonstrate tunable optical 
modulation of the 2-D active medium induced by the plasmonic nanoresonators, 
leading to improvements in emission intensity and new optical properties based on 
interference between different excitation pathways of the exciton-plasmon system. 
3.2 Experimental methods 
MoS2 flakes were grown on SiO2/Si substrates by chemical vapor deposition 
(CVD)12,13. 50 nm-thick silver bowtie arrays with varying geometrical factors were 
patterned directly on both SiO2 surfaces and the MoS2 flakes via electron-beam 
lithography (figure 3.1 (a)&(b)). Silver was used due to its strong plasmonic resonances 
as well as relatively low dissipation in the visible frequency range. Photoluminescence 
and Raman measurements were performed at room temperature on the NTEGRA 
Spectra Probe system equipped with a 0.7 NA objective (~400 nm spatial resolution). 
A c.w. 532 nm wavelength Ar ion laser focused to a spot size of 1 μm with an excitation 
power of 0.16 mW was used for all measurements. For reflectance measurements, the 
sample was excited by a white light source in our home-built optical microscopy setup 
with a 60X (0.7 NA) objective. The samples were loaded in an optical microscopy 
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cryostat (Janis ST-500) and cooled to 77 K with liquid nitrogen. 
3.3 Experimental results 
3.3.1 Surface-enhanced Raman scattering and surface-enhanced fluorescence at 
room temperature 
The Raman spectrum of the bare MoS2 sample displays modes at 384 cm-1 and 403 
cm-1 corresponding to the in-plane (E12g) and out-of-plane (A1g) modes respectively 
(figure 3.1 (c), black curve), that are fingerprints of a monolayer of MoS2 (ref. 14). 
Similarly, PL spectrum from bare MoS2 (figure 3.1 (d), black curve) displays peaks 
corresponding to A and B excitons at ~1.9 eV and 2.0 eV, respectively, that arise from 
the direct band gap and strong spin-orbit coupling in monolayer MoS2 (ref. 15,16). 
Although the PL spectrum from the monolayer of MoS2 shows excitonic features at 
room temperature, the emission is not strong because of the low intrinsic emission 
efficiency in these systems, consistent with previous studies7,17.  
However, both the Raman scattering and PL from the monolayer MoS2 integrated 
with silver bowtie array (refer to the figure captions for the bowtie geometrical factors) 
display enhancements of more than an order of magnitude compared to bare MoS2 
(figure 3.1 (c)&(d), red curves). Typically, the mechanisms behind enhanced Raman 
scattering and PL emission are surface-enhanced Raman scattering (SERS) and surface-
enhanced fluorescence (SEF) respectively, as observed in molecular systems placed in 
the vicinity of plasmonic nanostructures18,19. The enhanced emission at room 
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temperature is due to the local field increase at the position of the emitter arising from 
the lattice-LSPR of the bowtie array, suggesting weak coupling between the MoS2 
excitons and lattice-LSPRs18.  
 
Figure 3.1 Optical properties of monolayer MoS2-bowtie resonator array system at 
room-temperature. (a), Scanning electron microscope (SEM) image showing the silver 
bowtie array directly patterned on well-defined, stacked triangular flakes of mono- and 
bi-layer MoS2. Larger triangular flake of darker contrast corresponds to a single layer 
and smaller flake of lighter contrast to a bilayer. (b), Device schematic indicating the 
geometrical factors of a bowtie array: gap separation (g), thickness of the metal 
deposition (h), side length of a triangle (s), and unit cell dimension or pitch (p = (px, py)). 
(c), Raman scattering spectra of bare MoS2, bowtie array, and bowtie-MoS2. 
Geometrical factors: g = 20 nm; h = 50 nm; s = 100 nm; p = (500 nm, 300 nm). For all 
bowtie arrays studied throughout the paper, g = 20 nm and h = 50 nm. (d), PL spectra 
of bare MoS2, bowtie array, and bowtie-MoS2. Inset shows PL in log scale. (e), 
Calculated extinction of a single bowtie (g = 20 nm; h = 50 nm; s = 100 nm) with the 
inset displaying the E-field intensity profiles for TE and TM polarizations with respect 
to the long axis of a bowtie. (f), FDTD simulated E-field enhancements in the array of 
bowties (s = 100 nm) with four different unit cell lengths under normal plane wave 
incidence. Inset shows the E-field intensity profiles for TE or TM polarizations. 
 
As discussed in chapter 2, single bowtie displaces two broadband dipolar LSPR 
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modes: the longitudinal and transverse modes, as shown in figure 3.1 (e). When the 
bowties are periodically patterned into a 2-D array, the plasmonic near-fields of 
individual bowties interact with each other, leading to collective coupling between the 
bowtie’s LSPRs and the lattice diffraction modes, produces SLRs8-11 with narrow 
resonance linewidths; for example, the calculated quality factor (Q) of a SLR at 1.9 eV 
(figure 3.1 (f)) is 21, in comparison to a Q of 6 for a single-bowtie LSPR (longitudinal, 
figure 3.1 (e)). Furthermore, mode tunability of the SLRs improves significantly via 
tuning the pitch of the lattices, compared to single bowtie LSPRs, as represented in the 
calculated E-field enhancement profiles in figure 3.1 (f). Spatial E-field profiles (insets 
in figure 3.1 (e)&(f)) show that the plasmonic fields are mostly concentrated between 
the gaps or tips of the bowties with small optical mode volumes, hence, the exhibition 
of SLRs enhances the quality factor the plasmonic resonances without scarifying 
significantly the mode confinement, giving rise to strong PL enhancement via Purcell 
effect.  
To understand the correlation between the SLRs and MoS2 PL and Raman 
scattering intensity, detailed spectroscopic characterization including polarization-
dependent reflectance, PL and Raman spectra were performed on individual 
constituents and coupled MoS2-bowtie array system. To resolve the plasmonic modes, 
reflection spectra from the bowtie array patterned on 300 nm SiO2/Si substrate were 
measured in longitudinal and transverse polarizations (the polarization directions are 
defined with respect to bowtie’s long axis). Figure 3.2 (a) shows good agreement 
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between the experimental and calculated differential reflectance (ΔR/R = (Rsample ‒ 
Rbackground)/Rbackground) from the bowtie array on SiO2/Si substrates, which features broad 
dips for both polarizations. As discussed in chapter 2, in the plasmonic systems 
currently investigated, the plasmonic resonances correspond to the dips in the 
reflectance spectra. However, in this early stage of the study, resolving the dispersive 
SLRs is hindered by the large NA of the objective, hence, only a broad dip was observed. 
Nonetheless, as the SLRs present a strong anti-crossing centered at the LSPR energy 
with the flattening of the SLR dispersion, the reflectance dips in such angle-collective 
reflectance measurements can still manifest the LSPR energy, where strongest 
plasmonic mode and hence light-matter interactions may be observed. This argument 
can be confirmed by the simulated E-field enhancement spectra at normal incidence 
(figure3.2 (c)), which shows that the reflectance dips still corresponds closely to the 
local E-field enhancement peaks. Moreover, as the PL measurement was also carried 
out with an objective of the same NA, the angle-collective reflectance spectra could be 
good enough to interpret the observed PL enhancement. Hence, here, we will restrict 
ourselves to the angle-collective reflectance spectra.  
The emission from bowtie-MoS2 exhibits distinct polarization dependence (figure 
3.2 (c)) and is closely related to the corresponding E-field enhancement (figure 3.2(b)). 
For example, in longitudinal polarization (red curves, figure 3.2 (b)&(c), the maximum 
E-field enhancement at the A exciton energy corresponds to enhanced A exciton 
emission, while in transverse polarization (blue curves, figure 3.2 (b)&(c)), strong 
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Raman scattering intensity is consistent with the maximum E-field enhancement near 
these Raman modes. These are also confirmed in the polarization-dependent 2-D 
intensity scans measured at the Raman and A exciton energies (figure 3.3 (a)&(b)), 
consistent with the simulated enhancements (figure 3.2 (b)). 
 
Figure 3.2 Polarization-dependent reflection spectra of the bowtie resonator array and 
photoluminescence spectra of MoS2 coupled with bowtie resonator array. (a) 
Normalized differential reflectivity (ΔR/R) spectra of experimental and calculated 
lattice-LSP modes in TE and TM polarizations for bowtie array on SiO2/Si substrate. 
Geometrical factors: s = 100 nm, p = (500 nm, 300 nm). (b) Average E-field 
enhancements for bowtie array on SiO2/Si calculated for the total area of the unit cell. 
(c) Experimental emission (PL and Raman) spectra for bowtie-MoS2 system. Inset; 
zoomed-in spectra near the Raman active region. 
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Figure 3.3 Polarization-dependent 2-D intensity scans. (a) Optical microscope image 
of bowtie arrays patterned in two orthogonal orientations on a MoS2 flake. (b) 2-D 
intensity scans measured at the Raman mode and A-exciton energies. Scanning area 
indicated in (a). Data in (e) shows different polarization response for Raman 
(horizontally patterned bowties) and A-exciton emission (vertically patterned bowties). 
 
The effect of spectral tuning of the lattice plasmonic modes on modification of 
MoS2 emission was studied by varying the geometrical factors of the bowtie array (four 
representative patterns are shown in figure 3.4 (a), labeled (i)-(iv)). In order to obtain 
the plasmonic mode positions and correlate them to the emission profiles, ΔR/R spectra 
were measured for the four patterns on SiO2/Si substrates (figure 3.4 (b)). The 
frequency-dependent emission enhancements of the monolayer MoS2 integrated with 
these four bowtie patterns (figure 3.4 (c)&(d)) show that the increase of the emission in 
the bowtie-MoS2 varies up to ~ 40×  depending on the spectral positions of the 
plasmonic modes. When the plasmonic mode of the bowtie array is in resonance with 
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A or B excitons, as in pattern (iii) or (ii) respectively, the PL of the bowtie-MoS2 system 
increases at the corresponding spectral positions (figure 3.4 (c)&(d)). On the other hand, 
detuning of the plasmonic mode and the A or B exciton resonance leads to only minor 
PL enhancement, as observed for pattern (i). These results prove our conclusion that 
the PL enhancement correlates closely to the reflectance dips and hence the plasmonic 
resonances at the PL wavelengths (final states of the photon emission), which is 
characteristic to the Purcell effect.  
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Figure 3.4 Spectral modification of MoS2 photoluminescence coupled with bowtie 
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resonator arrays with different lattice-LSP dipole resonances at room temperature. (a) 
SEM images of four bowtie-array samples with different bowtie sizes and pitch values: 
(i) s = 100 nm, p = (400 nm, 500 nm) (ii) s = 100 nm, p = (400 nm, 300 nm) (iii) s = 100 
nm, p = (300 nm, 200 nm) (iv) s = 170 nm, p = (500 nm, 800 nm). (b) ΔR/R spectra 
associated with the lattice-LSP modes of the four different bowtie patterns on SiO2/Si 
substrates. (c) PL spectra of bare MoS2 (black) and four different patterns. (d) 
Wavelength-dependent PL enhancements (ratios of PL obtained for bowtie-MoS2 
sample to PL of bare MoS2) for the four patterns on monolayer MoS2. Inset shows the 
enhancement of A-exciton emission for all four patterns. (e) Normalized PL spectra of 
bare MoS2 (black) and the four different bowtie patterns on MoS2. 
 
The normalized PL spectra from the four patterns in figure 3.4 (e) clearly show the 
modification in spectral shapes depending on the plasmonic mode positions. This 
feature, known as spectrally modified SEF, is typically observed in molecular systems 
coupled with plasmonic structures20-23. For spectrally modified SEF, the total 
fluorescence enhancement is given by, gtotal = gex · gem, where gex and gem are the 
excitation and emission rate enhancements, respectively. The increase in the excitation 
rate is due to the increased coupling between the incident light and the emitter, arising 
from the enhanced local field. In this case, the excitation rate enhancement depends 
only on the frequency of incident light (ωi), and should not affect the spectral shape. 
For example, the calculated gex for sample (iii) (which shows maximum enhancement 
of the A exciton emission) is ~1.8 (figure 3.5), while the observed PL enhancement is 
much higher. This in addition to the observed spectral modification in the bowtie-MoS2 
system cannot be explained only by the enhancement of the excitation rate, which is 
not very high because the laser excitation energy (2.33 eV) is considerably far away 
from the plasmonic modes. In addition, sample (i) shows a high-energy tail above the 
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B-exciton emission in the normalized PL spectrum (Fig. 3e, blue curve), corresponding 
to the lattice-LSP mode located at higher energy (Fig. 3b, blue curve), attributed to the 
emission from non-thermalized excitons, similar to the hot-exciton emission observed 
in plasmonically-coupled CdS nanowires24 demonstrated previously by our own group.  
 
Figure 3.5 Calculated absorption spectra for bare MoS2 monolayer and bowtie-MoS2 
system at room temperature. The calculated results are shown for sample (iii) in figure 
3.4 (c). Bowtie geometrical factors: g = 20 nm, h = 50 nm, s = 100 nm, and p = (300 
nm, 200 nm). 
 
The emission enhancement (gem) can be explained by the Purcell enhancement of 
the radiative decay rate and hence the quantum yield of the emitter in the presence of 
plasmonic resonators. The emission quantum yield (kr/(kr+knr)), where kr and knr are the 
radiative and the non-radiative decay rates, respectively, changes as both kr and knr 
change when the emitter is coupled with plasmonic resonators. The radiative decay rate 
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is affected mainly by the local plasmonic fields whereas the non-radiative decay rate 
depends on plasmonic losses and exciton quenching. Generally, in an electronic multi-
level system, kr and knr are frequency dependent and depend on the competition between 
the intra- and inter-band relaxation rates. Therefore, our frequency-dependent PL 
enhancement (gtotal(ω)) can only be explained by the quantum yield increase (gem(ω)), 
which is frequency-dependent. For our bowtie-MoS2 (sample (iii)), the integrated 
fluorescence enhancement (over the entire spectrum) is ~25, which is an average 
enhancement over the measured area. Therefore, the actual enhancement inside the 
bowtie gap is expected to be much higher due to much higher fields inside the small 
mode volume of a bowtie. The average excitation rate enhancement in our system is 
only 1.8, which indicates that most of the fluorescence enhancement originates from 
the emission enhancement. This significant emission enhancement indicates effective 
coupling between 2-D excitons and plasmonic resonances and is in agreement with 
recent theoretical studies supporting the large increase in the radiative decay rate of an 
emitter in the bowtie gap25,26. Recently, minor increase in PL from MoS2 coupled with 
gold nanoantenna has been reported, but the mechanism for PL enhancement was 
attributed to in-coupling enhancement mediated by plasmons27. Further improvements 
in the emission yield in our system can be achieved by inserting a thin dielectric layer 
between MoS2 and metal structures to optimize the competition between exciton-
quenching and plasmonic field enhancement at this interface.  
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3.3.2 Fano resonance at 77 K and towards strong exciton-plasmon coupling 
To study how the bowtie-MoS2 coupled system responds at low temperatures when 
the exciton-dephasing rate is reduced, the far-field ∆R/R spectra for bare MoS2, bowtie 
array, and bowtie-MoS2 system were measured at 77 K (figure 3.6 (a)). Clear absorption 
dips associated with the A and B excitons in bare MoS2 appear at 1.92 eV and 2.1 eV 
(black curve). ∆R/R of the bowtie array shows two broad dips (blue curve), with the 
plasmonic modes spectrally overlapping with the MoS2 excitons. In the combined 
bowtie-MoS2 system, however, an interesting phenomenon is observed; an asymmetric 
feature resembling Fano lineshape appears in the reflection spectra at the MoS2 exciton 
energies (red curve). The Fano lineshape is a result of the spectral interference between 
a narrow discrete resonance and a broad continuum of states28,29. In our case, the MoS2 
excitons with a sharp resonance at 77 K couple with the broad continuum of plasmons. 
Since the linewidth of the A exciton is much narrower than that of the B exciton, more 
distinct Fano lineshape was observed at the A exciton spectral region.  
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Figure 3.6 Fano resonance in the reflection spectrum of bowtie-MoS2 at 77 K. Bowtie 
geometry: TE mode, s = 100 nm, p = (300 nm, 200 nm). (a) and (b) Experimental and 
calculated ∆R/R spectra for bare MoS2, bowtie array, and bowtie-MoS2 system. Clear 
Fano resonances are observed at the A- and B-exciton spectral region. Inset in (b) 
shows the schematic for the mechanism of observed Fano resonance in the exciton-
plasmon system. (c) Calculated absorption spectra for the bare MoS2 (black), bowtie 
array (blue), MoS2 in the combined bowtie-MoS2 system (green), and the bowtie in the 
combined bowtie-MoS2 system (red). The dotted circle highlights the region of MoS2 
excitons where Fano resonances are observed in the refection spectra in (a) 
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FDTD calculation simulating the ∆R/R response of the experimental system (figure 
3.6 (b)) reproduces the reflection spectra of bare MoS2 (black curve) and the bowtie 
array (blue curve) as well as the Fano lineshape of the integrated bowtie-MoS2 system 
(red curve). To further investigate the physical mechanism of the observed Fano 
features, the absorption spectra (figure 3.6 (c)) were calculated for bare MoS2, bowtie 
array, MoS2 in the combined bowtie-MoS2 system, and the bowtie array in the 
combined bowtie-MoS2 system. Bare MoS2 shows a sharp excitonic absorption (black 
curve) while the bowtie array shows broad plasmon absorption (blue curve), as 
expected. For the coupled bowtie-MoS2 system, absorption in MoS2 (green curve) 
shows absorption enhancement in comparison to the absorption of bare MoS2 due to 
the strong plasmonic field. However, absorption in the bowties (red curve) in the 
coupled system features complex interference at the MoS2 exciton energies compared 
to a typically broad plasmonic absorption. This demonstrates that the absorption in the 
bowtie array of the combined system exhibits Fano interference due to the strong 
interaction between MoS2 and the bowtie array.  
The physical mechanism (figure 3.6 (b), inset) behind the measured Fano 
resonance in the bowtie-MoS2 system is the interference that occurs predominantly in 
the excitation process30-32; in the exciton-plasmon coupled system, the exciton life time 
is much longer than that of plasmons and therefore the excitation rate of excitons 
increases without any significant changes in the spectral shape or position due to the 
enhanced local plasmonic field (figure 3.6 (c), green curve). On the other hand, 
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absorption in the bowtie array can be significantly affected by the interference from the 
excitons with long lifetime via the exciton-plasmon dipole-dipole coupling. Thus, in 
the bowtie-MoS2 system, two major optical paths exist for the excitation of plasmonic 
modes31-33, i.e., direct excitation of the plasmons and their indirect excitation via the 
dipole-dipole coupling of MoS2 excitons and plasmons. The dipole-dipole interaction 
increases due to the local field enhancement arising from the surface plasmons and 
leads to exciton-plasmon coupling beyond the perturbative regime into an intermediate 
state between weak and strong coupling regime. The constructive and destructive 
interference between the two optical pathways leads to Fano resonance measured in our 
reflection spectra, consistent with the large PL enhancement addressed earlier (figure 
3.4). 
Fano shapes vary in our experimental ∆R/R measurements depending on the 
detuning between MoS2 excitons and tunable plasmonic modes (figure 3.7). Three 
representative samples are compared to examine their Fano spectral features by 
controlling their geometric factors and hence their plasmonic resonances. For a very 
small detuning of bowtie resonances (figure 3.7 (a)), much sharper Fano feature with 
more distinct asymmetry was observed in comparison to the samples with increasing 
detuning30,34,35 (figure 3.7 (b)&(c)). Moreover, no Fano response was observed in figure 
3.7 (c) due to almost no overlap between the exciton and the plasmonic resonances, and 
small bowtie densities in a lattice with large lattice pitches. These observations strongly 
support the claim that our Fano features originate from the strong interaction between 
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MoS2 excitons and plasmonic resonances. 
 
Figure 3.7 Controlling Fano spectra of the bowtie-MoS2 system by tuning the plasmon-
excitons detuning at 77 K. (a)-(c) Experimental ∆R/R spectra of bare MoS2, bowtie, 
and bowtie-MoS2 system for three different samples with the following excitation 
polarization and geometrical factors. TE polarization, s = 100 nm, p = (400 nm, 300 
nm) (a) TM, s = 140 nm, p = (500 nm, 400 nm) (b) TE, s = 100 nm, p = (800 nm, 700 
nm) (c) Clear Fano resonances are observed when the bowtie reflectance dips overlap 
with MoS2 excitons. 
 
Fano resonances appear in many systems ranging from autoionization of atoms to 
plasmonic nanostructures and metamaterials28,29,36-40. However, most observations are 
in passive systems with no involvement of electronic resonances36-40. Fano resonance 
has also been observed in gated bilayer graphene system, origin of which was due to 
coupling between discrete phonon and broadband graphene excitons41. Recently, Fano 
resonance and Rabi oscillations have been demonstrated in J-aggregate dye molecules 
coupled with metal nanostructures due to the enhanced interaction between the excitons 
and LSPRs32,33,35,42 The bowtie-MoS2 system with very small mode volume, displays 
Fano resonances due to the significantly enhanced optical coupling between the 2-D 
MoS2 excitons and bowtie LSPR resonances, which can be modulated via the spectral 
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tuning of the plasmonic resonances.  
Both originated from the interactions between coupled oscillators, Fano resonances 
in exciton-plasmon systems correlate closely to the strong exciton-plasmon coupling 
phenomenon. The observation of the Fano resonances in the system implies the 
potential of pushing the system into the strong coupling limit by optimizing the 
plasmonic lattice design and experimental technique, which was later achieved and will 
be discussed in the next chapter. 
3.4 Conclusion 
In conclusion, significant modification of the emission properties of monolayer 
MoS2 was demonstrated upon its integration with silver bowtie nanoantenna arrays. 
The strong plasmonic local field from lattice modified LSPR resonances in the bowtie 
arrays gives rise to enhanced Raman scattering and PL in MoS2 at room temperature. 
Depending on detuning of MoS2 exciton and the plasmonic mode, spectrally modified 
PL enhancement was exhibited. At low temperature, due to the strong dipole-dipole 
interaction between MoS2 excitons and plasmonic modes, quantum interference arises 
in the excitation process and is manifested as Fano-like asymmetric reflection spectra. 
Since the Fano resonance lineshape and spectral position is very sensitive to local 
perturbations, it can be utilized to assemble optical switches and sensors45. Tailoring 
light-matter interactions between atomically thin semiconductor crystals and plasmonic 
nanostructures as demonstrated in this work will be critical to realize new physical 
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phenomena and fabricate novel optical devices with applications ranging from 
improved light sources, detectors, and sensors to photovoltaics. 
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Chapter 4. Light-matter interaction between MoS2 and 
plasmonic lattices: strong coupling regime 
This chapter is reprinted in part with permission from “Liu, W., Lee, B., Naylor, C. H., Ee, H.-S., 
Park, J., Johnson, A. C. & Agarwal, R. Strong Exciton–Plasmon Coupling in MoS2 Coupled with 
Plasmonic Lattice. Nano Lett. 16, 1262-1269, (2016)” © 2016 American Chemical Society 
After understanding the exciton-plasmon coupling between MoS2 and plasmonic 
lattices in weak and intermediate coupling regime, in this chapter, we will demonstrate 
strong exciton-plasmon coupling in silver nanodisk arrays integrated with monolayer 
MoS2 via angle-resolved reflectance microscopy spectra of the coupled system. Strong 
coupling phenomenon is observed at both 77 K and room temperature by optimizing 
the lattice design, resolving the lattice dispersion via angle-resolved spectroscopy 
technique and a deeper understanding of the light-matter interaction of the system. The 
exciton-LSPR coupling strength up to 58 meV at was obtained. The strong coupling 
involves three types of resonances: MoS2 excitons, LSPR of individual silver nanodisks 
and lattice diffraction modes of the nanodisk array. Moreover, we will show that the 
exciton-plasmon coupling strength, polariton composition and dispersion can be 
effectively engineered by tuning the geometry of the plasmonic lattice, which makes 
the system promising for realizing novel two-dimensional plasmonic polaritonic 
devices.  
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4.1 Motivation and Introduction 
Monolayer TMDs with large exciton binding energies1 are excellent candidates for 
achieving strong light-matter coupling2,3 for various applications including ultrathin, 
flexible polaritonic devices. In addition to the numerous intriguing physical phenomena 
observed in conventional polaritonic systems, polaritons in 2-D systems, in particular, 
due to translational symmetry breaking, have enhanced light-matter coupling strength 
due to the confinement of the excitons and the light field, and also enables exotic effect 
like superfluidity4 and emerging of topological polariton states5. Understanding and 
tailoring the coupling strength, composition and dispersion of the polaritons is critical 
to the realization of these effects and the development of 2D polaritonic devices.  
In spite of the great progresses in understanding the strong coupling phenomenon, 
practical application of polaritonic devices is hindered by the limitation of the 
properties of traditional materials. The small exciton binding energies of conventional 
semiconductors like GaAs preclude the observation of polaritonic effects at room 
temperature, as is also the challenging in highly lossy plasmonic systems. Organic 
materials, on the other hand, have large exciton binding energies and are thus mostly 
applied to study strong coupling in plasmonic systems, but suffer from disorder 
(inhomogeneous broadening) and photo-instability. At this stage, exploration of new 
exitonic materials suitable for practical devices is desired. TMDs have large exciton 
binding energies1 due to the 2D quantum confinement of the excitons6 as well as the 
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reduced dielectric screening7, which may overcome the high loss of the plasmonic 
systems and enable the robust exciton-plasmon coupling that is required for high 
temperature or high carrier density applications. Moreover, as crystalline 
semiconductors, they have significantly less inhomogeneous broadening and are highly 
photostable, and hence can be utilized for practical devices.  
Here, we will study the strong exciton-plasmon coupling in MoS2 coupled with 
plasmonic lattices system, by further utilizing the supreme properties of SLRs including 
strong local field enhancement, relatively large quality factor, and high tuanbility via 
changing the nanoparticle and lattice geometries, which allows for greater freedom for 
tailoring the polariton composition and dispersion for engineering different properties 
in the system. Moreover, atomically thin TMDs coupled to planar plasmonic lattices 
with thickness as small as tens of nanometers may pave the way for ultrathin and 
flexible polaritonic devices. 
In chapter 3, we demonstrated bowtie arrays coupled to monolayer MoS2, which in 
the weak coupling regime exhibited large Purcell enhancement at room temperature 
and in the intermediate coupling regime demonstrated Fano resonances due to the 
exciton-plasmon interaction at 77 K8. By a careful design of geometrical parameters of 
the plasmonic lattices and characterization of the resonance modes of the system 
dispersions by Fourier optics, in this chapter, we demonstrate the observation of strong 
coupling between the excitons in MoS2 and plasmons at both cryogenic and room 
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temperatures. We show that the coupling involves three types of resonances: excitons, 
lattice diffraction modes, and LSPRs, which can be effectively modulated by tuning the 
geometries of the plasmonic lattices to produce polaritons with different 
exciton/plasmon compositions and hence dispersions. 
4.2 Experimental method 
Same as the works demonstrated in previous chapters, MoS2 samples used in our 
experiments were grown by chemical vapor deposition (CVD) on Si substrates with 
275 nm thermally grown SiO2.9 Silver nanodisks arrays with varying diameters and 
pitch (square, two-dimensional lattice) were then fabricated on both MoS2 monolayers 
and bare Si/SiO2 substrates via electron-beam lithography (see Chapter 2 for fabrication 
processes). Comparing with the MoS2-bowtie study discussed in chapter 3, we’ve made 
two optimizations to enable the observation of strong coupling: firstly, a home-built 
angle-resolved system was applied to study the SLR and exciton-plasmon polariton 
dispersions. Secondly, nanodisks were used in this work instead of bowties for two 
reasons: first, although exceptionally strong field enhancement can occur between the 
two apexes of the bowtie resonator, the precise fabrication of a homogeneous bowtie 
array is difficult due to the small gap width between the two apexes (~10-20 nm). In 
contrast, nanodisk arrays with a simpler cylindrical geometry and diameters of the order 
of 100 nm are more tolerant to the fabrication errors, which is advantageous for 
observing strong coupling by reducing the inhomogeneous broadening. Secondly, by 
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varying their diameters, the LSPRs of nanodisks can be more easily and precisely tuned 
to be in resonance with MoS2 excitons (A and B) to enable a systematic study of the 
effect of coupling of LSPR resonances with excitons and the resulting polariton 
dispersions.  
4.3 Experimental result: observation and characterization of strong exciton-
plasmon coupling 
With the knowledge of the SLRs discussed in chapter 2, we will focus on the 
exciton-SLR coupling in this chapter. In order to study the exciton-plasmon coupling 
between MoS2 and the SLRs, plasmonic lattices with various lattice constants and disk 
diameters between 70-150 nm were patterned by e-beam lithography directly onto 
monolayer MoS2, which exhibit strong and tunable SLRs across the excitonic region of 
MoS2. The experiment was first carried out at 77 K to reduce the exciton damping, 
while lowered temperature has little effect on plasmonic resonances. For arrays 
patterned on MoS2, the LSPR modes redshifts by ~50-60 nm due to the higher refractive 
index of MoS210, which is confirmed by reflectance measurements on uncoupled arrays, 
with and without MoS2 (figure 4.1).  
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Figure 4.1. LSPR modes of individual (weakly-coupled) nanodisks patterned on 
Si/SiO2 substrate and on monolayer MoS2 with disks diameter of d = 140 nm and lattice 
constant, a = 1000 nm. (a) Far-field reflectance measurement of the Ag nanodisk array 
on Si/SiO2 substrate and on monolayer MoS2. The resonance position (reflectance dip) 
is redshifted from 640 nm to 695 nm due to the presence of MoS2. (b) The difference 
of the reflectance spectra between the array patterned on MoS2 and bare MoS2 from 
(a). The LSPR position (reflectance dip) can be clearly observed at 695 nm. 
 
In Figure 4.2 (a)-(d), the angle-resolved differential reflectance spectra of MoS2 
coupled with four different arrays are presented. Each array was designed with the same 
lattice constant of 460 nm but with different nanodisk diameters so that the LSPR 
wavelengths can be tuned across the excitonic region of MoS2 (590 nm - 650 nm). Bare 
monolayer MoS2 displays two reflection dips corresponding to A and B excitons at ~640 
nm and 590 nm respectively, arising from its direct band gap and strong spin-orbit 
coupling characteristics.11,12 For all nanodisk array coupled to MoS2 samples, anti-
crossing of dispersion curves near both A and B excitons were observed, indicating 
strong exciton-plasmon coupling. The dispersion curves for all four different arrays 
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were fitted to a coupled oscillator model (COM, as described earlier) including five 
oscillators: A and B excitons, (+1,0) and (-1,0) diffractive orders (modes), and nanodisk 
LSPR. The system’s Hamiltonian is represented by: 
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0 -
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where the diagonal terms represent the uncoupled states: E and γ denote the energy and 
the damping (half-width at half-maximum) of each mode, and the subscripts A, B, S+, 
S-, and LSPR stand for A- and B- excitons, (+1,0), (-1,0) diffraction mode and LSPR, 
respectively. The off-diagonal terms represent the coupling strength between each two 
resonances. 
In the COM fitting, the energies of A and B excitons as measured from the 
reflectance spectra from the same MoS2 flake in the region without the nanodisk array 
were used; both lattice resonance dispersions and LSPR energies were treated as fitting 
parameters to account for the mode redshift caused by the presence of MoS2, with the 
dispersions of the lattice diffraction mode kept the same for all different lattices as they 
are solely determined by the lattice constants; coupling strengths between the A and B 
excitons, and between the two diffractive orders were set to zero, while other coupling 
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strengths were used as fitting parameters. The arrays are assumed to be symmetric for 
positive and negative in-plane wavevector k||, hence the coupling strengths of other 
resonances to both the (+1,0) and (-1,0) diffractive orders were set to be the same. The 
system’s eigenstates were then solved and fitted to the experimental data to obtain the 
coupling strength values. 
 
Figure 4.2. Strong exciton-plasmon coupling of silver plasmonic lattice-coupled 
monolayer MoS2 at 77K. (a)-(d) Angle-resolved differential reflectance spectra 
of four different silver nanodisk arrays with different disk diameters patterned 
on monolayer MoS2. The lattice constants of all four arrays are fixed at 460 nm 
while the disk diameters are changed. White dashed lines correspond to the 
LSPR positions and yellow dashed lines represent the A (low energy) and B 
(high energy) excitons. Red dots correspond to the dip positions obtained from 
the line cuts of the angle-resolved reflectance at constant angles. Blue solid 
lines are the fitting results from a coupled-oscillator model. (e)-(h) Line cuts from 
the angle-resolved reflectance data taken from a constant angle represented 
by the vertical white dotted lines in (a)-(d), respectively. The dip positions are 
indicated by the blue triangles. 
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The system’s eigenstates, i.e. the polariton states, can be expressed as the linear 
combination of the five uncoupled states: 
   5
1
i i
i
P k x X k

   
where P stands form the polariton state, Xi (i=1,2,3,4,5) stands for the five uncoupled 
states, and xi is the component of the eigenvector associated with each polariton state, 
analogous to the Hopfield Coefficient in the two-states strong coupling model13. 
 
Table 4.1. Coupling constants obtained from fitting the experimentally measured polariton 
dispersion to a coupled oscillator model. All quantities are in units of meV. 
 
The values for the LSPR wavelengths and coupling strengths as obtained from the 
COM fitting are listed in table 4.1 The lattice-LSPR coupling strength is of the order of 
Diameter  A exciton B exciton LSPR 
d = 72 nm 
LSPR: 590 nm 
Lattice 
resonance 9 13 90 
LSPR 45 43 -- 
d = 98 nm 
LSPR: 630 nm 
Lattice 
resonance 16 11 97 
LSPR 58 40 -- 
d = 121 nm 
LSPR: 660 nm 
Lattice 
resonance 17 16 116 
LSPR 44 26 -- 
d = 149 nm 
LSPR: 710 nm 
Lattice 
resonance 15 9 133 
LSPR 35 17 -- 
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100 meV and increases with increasing disk diameter, which is consistent with the 
observations from the arrays on bare Si/SiO2 substrate without MoS2. The exciton-
LSPR coupling is enhanced strongly with decreasing exciton-LSPR detuning, and the 
maximum coupling strength of 58 meV was found for the A exciton-LSPR coupling 
when the LSPR is nearly in resonance with the A exciton (d = 100 nm, LSPR ~630 nm). 
The exciton-lattice diffraction mode coupling was found to be the weakest among the 
three types of coupling, with the coupling strengths of the order of 10-20 meV. 
Therefore, in this MoS2-plasmonic lattice system, the exciton-plasmon strong coupling 
is mainly mediated by the LSPR which strongly couples to both A and B excitons and 
the lattice resonances14. Although LSPRs are highly localized, the presence of long-
range lattice diffraction modes leads to coherent coupling of the MoS2 exciton-LPSR 
“plexitonic” system at different regions, much beyond the length scales of the localized 
plasmons or excitons thereby increasing the oscillator strength of various coupled 
resonances. 
88 
  
 
Figure 4.3. Composition of the four polariton branches for three representative LSPR-
exciton detuning conditions in silver plasmonic lattice-coupled monolayer MoS2 at 77K. 
(a)-(c) A exciton fraction. (d)-(f) B exciton fraction. (g)-(i) lattice mode fraction. (j)-(l) 
LSPR fraction. 
 
The coupling between the five different resonances results in five polariton 
branches with different exciton and plasmonic contributions and hence dispersions 
(figure 4.2). Since for all the four arrays, the highest energy polariton branch lies far 
above the excitonic region and does not show up in the wavelength range of the 
measurement, we will focus our discussion on the remaining four branches with lower 
energies. The fitting results of these four branches are plotted for negative k|| in figure 
4.2 (a)-(d) (blue solid lines) and labeled as 1-4 from high to low energies. To further 
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understand the strong exciton-plasmon coupling behavior of the system, the fractions 
of excitons and plasmons 2ix in the four polariton branches as functions of k|| were 
also calculated and plotted for the following three cases (figure 4.3): LSPR energy 
larger than the B exciton (d = 70 nm, see figure 4.2 (a)), LSPR energy between A and 
B excitons (d = 100 nm, see figure 4.2 (b)), and LSPR energy lower than the A exciton 
(d = 120 nm, see figure 4.2 (c)). Interestingly, the experimental and fitting results for 
arrays with different disk diameters illustrate that the strong exciton-plasmon coupling 
behavior of the system, including the polariton composition, dispersion, and coupling 
strength, can all be effectively tailored by changing the geometrical factors of the lattice, 
in this case the nanodisk diameter. First, the exciton and plasmon fractions of each 
polariton branches can be controlled by the relative spectral positions of LSPR and 
excitons. For the A exciton, when the LSPR is positively detuned from the A exciton (d 
= 70 nm, figure 4.3 (a)), the A exciton is mainly distributed in branch 3 with ~0.9 
exciton fraction at high k||, and in branch 4 with ~0.8 exciton fraction at low k||. As the 
LSPR energy redshifts (d = 100 nm, figure 4.3 (b)) and becomes lower than the A 
exciton (d = 120 nm, figure 4.3(c)), the A exciton component gradually transfers into 
branch 2 with ~0.8 exciton fraction at high k|| and branch 3 with ~0.9 exciton fraction 
at low k||. For the B exciton on the other hand, while present in all four lattices, the 
proportion of the B exciton is mainly distributed in polariton branches 1 and 2, and as 
the LSPR-B exciton detuning changes from positive (d = 70 nm) to negative (d = 100 
nm), the relative fractions of the B exciton and the LSPR in these two branches at high 
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k|| reverses from ~0.7 B exciton and ~0.3 LSPR to ~0.05 B exciton and ~0.95 LSPR 
(Figure 4.3 (d)-(f)). Secondly, the dispersions of the polaritons changes drastically for 
different lattice designs. Among the three types of resonances, LSPRs have flat 
dispersions as they do not propagate; the effective masses of excitons are orders of 
magnitude larger than the lattice modes and hence also show nearly flat dispersions; 
therefore, the polariton dispersion is mainly determined by the fraction of the lattice 
diffraction resonances. For instance, in polariton branch 2, the dispersion is almost flat 
in the lattice with d = 70 nm where its lattice mode fraction is less than 0.2 for all k|| 
(figure 4.3 (g)). As the LSPR redshifts with increasing disk diameters, the LSPR 
fraction in this polariton branch decreases and the fraction of the lattice resonances 
increases, and hence the dispersion of this polariton branch becomes steeper. Finally, 
as discussed earlier, the exciton-plasmon coupling strength can be strongly enhanced 
when the LSPR mode is in resonance with the excitons, as shown in Table 1. In many 
cases, this change of coupling strength can also be characterized by the amount of 
splitting between the two polariton branches surrounding the excitons. For example, for 
the B exciton-plasmon coupling, when the LSPR is tuned close to the B exciton 
resonance, the splitting between polariton branch 1 and 2 is as large as 70 meV (d = 70 
nm, figure 4.2 (a)). It decreases when the LSPR is gradually detuned from the B exciton, 
and finally reduces to 10 meV for d = 140 nm, corresponding to a large LSPR-B exciton 
detuning of 320 meV.  
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Figure 4.4. Strong exciton-plasmon coupling of silver plasmonic lattice-coupled 
monolayer MoS2 at 77K with disk diameter d = 110 nm and lattice constant a = 380 nm. 
(a) Angle-resolved reflectance spectrum of the Ag nanodisk array. (b) Angle-resolved 
reflectance spectrum of bare MoS2. (c) Angle-resolved reflectance spectrum of MoS2 
coupled with Ag nanodisk array. (d) Line cuts from the angle-resolved reflectance data 
in (a)-(c) at k = 0. In (a)-(c), white dashed lines correspond to the LSPR positions and 
yellow dashed lines represent the A (low energy) and B (high energy) excitons. Red 
dots correspond to the dip positions obtained from the line cuts of the angle-resolved 
reflectance at constant angles. Blue solid lines are the fitting results from a coupled-
oscillator model. Strong coupling between the LSPR and both the A and B excitons are 
clearly observed in (c) and (d) while the lattice resonance is detuned from the excitonic 
region, therefore highlights the critical role of the LSPR to enhance the exciton-
plasmon coupling. 
 
The significance of the LSPR in enhancing the exciton-plasmon coupling can be 
further addressed by the coupling between MoS2 and plasmonic lattice with the LSPR 
in resonance with the excitons and detuned lattice resonance (figure 4.4). Pronounced 
coupling phenomenon between the LSPR and both A and B excitons were observed in 
spite of the large exciton-lattice resonance detuning, which highlights the key role 
played by the LSPR in the observed strong exciton-plasmon coupling of the system. 
The above results demonstrate that the tunable mode structure and distinct properties 
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of different resonances in a plasmonic lattice allow engineering of the exciton-plasmon 
coupling strength, polariton composition, and therefore their physical properties, which 
is crucial for polariton devices design tailored for specific applications. Specifically, the 
large exciton fraction increases the polariton lifetimes and enables stronger inter-
particle interaction, the large LSPR fraction enhances the coupling strength, and the 
lattice resonance fraction tailors the polariton dispersions, and its collective nature 
enable the coherent coupling for excitons within its coherence length (usually >10X 
lattice parameter). Proper tuning of these compositions by carefully designing the 
plasmonic lattices will allow for the development of polaritonic devices that are suitable 
for a variety of purposes. 
4.4 Temperature dependence of the exciton-plasmon coupling and strong coupling 
at room temperature 
 Finally, to evaluate the robustness of the strong exciton-plasmon coupling of the 
system, we studied its temperature dependence by measuring the reflectance spectra for 
both silver array-coupled MoS2 (d = 120 nm, lattice constant 460 nm) and bare MoS2 
monolayer as a function of temperature. For silver array-coupled MoS2, anti-crossing 
of the polariton dispersions at room temperature is not as evident as it is a 77 K (figure 
4.5 (a) and (b)), which is due to increased exciton damping at high temperature 
indicated by the linewidth broadening of both A and B excitons (figure 4.6 (d)). 
However, near the A exciton region (~660 nm), strong coupling can still be resolved in 
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the angle-selected reflectance spectra of MoS2 coupled to silver nanodisk array (figure 
4.5 (c)). As seen in figure 4.5 (c), the reflectance dips for polariton branches 2 and 3 
can be identified at the high- and low-energy sides of the A exciton, respectively. This 
finding demonstrates that strong exciton-plasmon coupling survives at room 
temperature, probably owning to the large exciton binding energy of MoS2 that is at 
least one order of magnitude larger than the thermal energy at the room temperature 
(~26 meV). Fitting the measured angle-resolved reflectance to the coupled oscillator 
model with exciton energies and linewidths at room temperature gives an A exciton-
LSPR coupling strength of 43 meV and an A exciton-lattice resonance coupling strength 
of 11 meV, which is decreased only slightly from the values at 77 K (The B exciton-
LSPR coupling and the B exciton-lattice resonance coupling were ignored in this 
fitting). This result indicates that strong coupling is still robust at room temperature, 
and hence the system holds promise for room temperature plasmonic polaritonic 
devices in ultrathin semiconductors. It is also worth noting that this coupling strength 
value is much larger than the exciton-photon coupling strength of 23 meV reported in 
MoS2 coupled with dielectric cavities at room temperature2, and therefore highlights 
the strongly enhanced light-matter interaction strengths in plasmonic lattices. 
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Figure 4.5 Temperature dependence of the strong exciton-plasmon coupling in silver 
plasmonic lattice-coupled monolayer MoS2 (a)-(b) Angle-resolved differential 
reflectance spectra of the silver nanodisk array coupled with MoS2 at 77 K and 300 K, 
respectively. The disk diameter is 120 nm with a lattice constant of 460 nm. White 
dashed lines correspond to the LSPR positions and yellow dashed lines represent the 
A (low energy) and B (high energy) excitons. Red dots correspond to the dip positions 
obtained from the line cuts of the angle-resolved reflectance at constant angles. Blue 
solid lines are the fitting results from a coupled-oscillator model. (c) The spectral line 
cuts taken from room temperature data in (b) with the incident angles θ ranging from 
21.7o to 42.1o 
 
For a more detailed study of the temperature dependence of exciton-plasmon 
polaritons, the wavelengths of the A exciton and the two polariton branches at 
sin 0.37    (white dashed vertical line in figure 4.5 (a)) as a function of temperature 
were extracted (figure 4.6 (c)). At low temperatures, the energy of polariton branch 2 at 
the selected angle is closer to the A exciton than polariton branch 3, and it also redshifts 
faster with increasing temperature. While at high temperatures, the rate of redshift of 
polariton branch 3 increases as its energy approaches the A exciton where the energy of 
branch 2 becomes nearly temperature independent.  
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Figure 4.6 Temperature dependence of the exciton-plasmon coupled system. (a) 
Temperature dependent differential reflectance spectra of bare MoS2. (b) Temperature 
dependent differential reflectance spectra of silver nanodisk array coupled with MoS2 
obtained from the angle-resolved differential reflectance spectra at sin 0.37   . The 
position of the line cut is shown in figure 4.4 (a) as a vertical white dotted line. (c) The 
wavelength of the A exciton and polariton branches 2 and 3 at sin 0.37   as a 
function of temperature, extracted from the dip positions in (a) and (b). (d) Exciton 
fractions of polariton branches 2 and 3 at sin 0.37    as a function of temperature, 
calculated from the COM with the temperature dependent exciton energies extracted 
from (a). 
 
The reason for this phenomenon is that the redshift of the A exciton changes the exciton-
LSPR detuning, and therefore changes the relative fractions of the exciton and plasmon 
of the polaritons. Quantitatively, the total exciton fraction can be calculated as the sum 
of the fraction of both A- and B- excitons:  
2 2 2
exciton A Bx x x   
while the plasmon fraction can be represented by:  
2 2 2 2
plasmon LSPRx x x x     
where they satisfy, 
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22 1exciton plasmonx x   
As shown in the calculation results of the exciton fractions in Figure 4.6 (d), at the 
selected angle, polariton branch 2 contains 0.7 exciton fraction at 77 K and is more 
matter-like and temperature dependent, while at the room temperature, this proportion 
drops to 0.3, and it becomes more light-like and temperature independent. For polariton 
branch 3, on the other hand, the exciton fraction increases from 0.35 to 0.75 from 77 K 
to room temperature, therefore its temperature dependence shows the opposite trend. 
This result further illustrates that the physical properties, in this case the temperature 
dependence, of the light-matter hybrids in emitter-coupled plasmonic lattices can be 
tailored by tuning the relative fractions of different resonances with different features, 
which will be helpful for designing polaritonic devices with precisely tailored responses. 
4.5 Conclusion 
To conclude, we have observed strong exciton-plasmon coupling in silver nanodisk 
arrays integrated with monolayer MoS2. Strong exciton-plasmon coupling was studied 
by angle-resolved reflectance measurement, FDTD simulations, and the coupled 
oscillator model. We show, for the first time, the evidence of strong coupling between 
surface plasmon polaritons and MoS2 excitons involving three types of resonances: 
excitons, plasmonic lattice resonances and localized surface plasmon resonances, with 
the ability to effectively tune the coupling strength and physical properties of plasmon-
exciton polaritons by changing the diameter of the nanodisks. By combining the distinct 
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properties of LSPRs and long range diffraction modes of the plasmonic lattices and the 
unique properties of 2D semiconductors such as their large exciton binding energies 
and atomic thickness, unexplored coherent phenomena like plasmonic polariton Bose-
Einstein condensation as well as ultrathin and robust plasmonic polariton devices may 
become a reality. 
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Chapter 5. Active tuning of the exciton-plasmon coupling via 
electrical gating 
Active control of light-matter interactions in semiconductors is critical for realizing 
next generation optoelectronic devices. In this chapter, we demonstrate electrical 
control of exciton-plasmon polariton coupling strength between strong and weak 
coupling regimes in a two-dimensional semiconductor integrated with plasmonic 
nanoresonators assembled in a field-effect transistor (FET) device. We show that the 
exciton-plasmon coupling strengths and hence the polariton dispersion can be altered 
dynamically with applied electric field by modulating the excitonic properties of 
monolayer MoS2 arising from many-body effects. In addition, strong coupling between 
charged excitons (trions) and plasmons was also observed upon increased carrier 
injection, suggesting a cornerstone of emergent spin-coupled plasmon systems, 
magnetoplasmons. The ability to dynamically control the respective optical properties 
with electric fields offers a new platform for the design of optoelectronic devices with 
precisely tailored responses. 
5.1 Motivation and Introduction 
The strongly confined 2D excitons in monolayer TMD semiconductors lead to 
several interesting optical features such as large exciton binding energy1-4 and oscillator 
strength5,6, and the observation of higher-order excitations such as charged excitons 
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(trions)7,8. The optical properties of 2D excitons can be significantly altered when 
coupled to an external cavity, leading to various physical phenomena in different light-
matter coupling regimes. In previous chapters, with carefully chosen and designed 2D 
plasmonic lattices, we demonstrated exciton-plasmon coupling in weak, intermediate 
and strong coupling regimes. Here, we utilize the advantages of the plasmonic lattices 
at different aspect: they offer unique opportunities for tailoring light-matter interactions 
in 2D materials owning to their ease of integration and open geometry, which is also 
compatible with electrical injection or gating device configuration.  
Owning to the atomically thin nature of the monolayer TMD semiconductors 
and the associated significantly reduced screening of the charge carriers, their 
optoelectronic properties can be effectively controlled via electrostatic doping induced 
by the gate electric field in a FET geometry. As a result, novel findings have been 
reported including the modulation of exciton binding energies9,10, observation of 
charged trions8,11, and valley-contrast second-harmonic generation12. Here, by 
combining a plasmonic lattice coupled with monolayer MoS2 configured in a FET 
device, we demonstrate active control of the coupling strengths between the MoS2 
excitons and SLRs, with continuous and reversible transition between the strong and 
weak exciton-plasmon coupling regimes achieved by electron injection or depletion in 
the active MoS2 monolayer. In contrast to conventional bulk semiconductors, 2D TMD 
semiconductors provide simultaneously both tightly-bond excitons from its extreme 2D 
confinement, as well as efficient and complete modulation of its excitonic properties 
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upon electrostatic doping, enabling the excitons to couple and decouple to plasmons 
effectively. Furthermore, under certain doping conditions, strong coupling between 
trions and plasmons was also observed, giving rise to a new type of fermionic polaritons. 
Therefore, the spin classification of the exciton-plasmon system can be switched back 
and forth between bosonic (neutral exciton-plasmon) or fermionic (trion-plasmon) spin 
states by simple application of the external electric field to the system, offering novel 
opportunities in quantum optoelectronic devices. 
5.2 Experimental methods 
 
Figure 5.1 Schematics (a) and SEM images (b) of the MoS2-plasmonic lattice FET 
device. 
 
Plasmonic lattices and source/drain electrodes are fabricated simultaneously 
onto the as grown monolayer MoS2 flakes via e-beam lithography (figure 5.1). A 285 
nm-thick thermally grown SiO2 layer sandwiched between MoS2 and highly doped Si 
substrate produces a metal-oxide-semiconductor FET with a capacitance of ~ 12 nF/cm2. 
Charge carriers are injected or depleted from the electrical contacts depending on the 
gate electrostatic potential (VG) with respect to MoS2. For example, a VG of ~ 100 V 
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can lead to a carrier density of ~ 8×1012/cm2 in the MoS2 monolayer, estimated from 
the capacitance of the device. As a result, the chemical potential (Fermi level) of MoS2 
can be altered by ~ 50 meV depending on the carrier density. Figure 5.2 shows a typical 
transconductance curve obtained from a bare MoS2 FET device, displaying n-type 
channel performance. The plasmonic lattices were fabricated with the diameters of the 
silver nanodisks varied between 110 and 140 nm, with constant thicknesses and pitches 
of 50 nm and 460 nm, respectively, to allow strong exciton-plasmon coupling. To 
characterize the evolution of the exciton-plasmon coupling strengths, the dispersions of 
the coupled MoS2 exciton-SLR system were measured by a home-built angle-resolved 
reflection microscopy setup13 while tuning the gate voltage.  
 
Figure 5.2 Typical transconductance curve from a bare MoS2 FET device 
5.3 Active tuning of the exciton-plasmon coupling strengths 
 Figure 5.3 (a)-(e) shows evolution of the MoS2-plasmonic lattice dispersion upon 
applying positive gate voltages. When gate voltage was applied, clear dispersion 
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changes can be observed. At VG=0 (figure 5.3 (a)), clear anti-crossing behavior can be 
observed centered at the A exciton energy (640ish nm, yellow dashed line), indicating 
strong exciton-plasmon coupling. With increasing gate voltages, such anti-crossing 
feature gradually diminished, instead, an additional spectral feature appeared near 650 
nm, matching the trion energy (figure 5.3 (c), orange dashed line). At VG = 80 V, the 
highest gate voltage applied (Figure 5.3 (e)), the anti-crossing corresponding to A 
exciton completely vanished, while trion-SLR coupling could still be observed, 
indicated by the kink-like feature in the dispersion curves near the trion resonance.  
 
Figure 5.3 Dispersion evolution of MoS2-plasmonic lattice system at different gate 
voltages. The yellow and orange dashed lines indicate the neutral exciton and trion 
energies measured from the bare region of the same MoS2 flake.  
The exciton-plasmon and trion-plasmon coupling can be better visualized by 
plotting the line cuts extracted from different angles of the angle-resolved spectra at 
different applied gate voltages, as shown in figure 5.4 (a)-(c). Five line cuts taken from 
sin = 0 (bottom black curve) to sin = 0.5 (top green curve) were plotted for 
VG=0, 40 and 80 V, respectively. These ΔR/R spectra show clearly resolved exciton-
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plasmon polariton dispersions originated from both Ao and A- exciton-plasmon 
coupling at different gate voltages. At VG = 0 V, distinct polariton branches resulting 
from strong Ao exciton-plasmon coupling can be observed, as indicated by the grey 
dash lines. The strong Ao exciton-plasmon coupling and the absence of A- exciton 
polariton features indicate that the sample was lightly doped. As the carrier 
concentration increased upon applying positive VG = 40 V, new polariton mode (~ 650 
nm) corresponding to A- exciton-plasmon appeared in the ΔR/R spectra (figure 5.4 (b)), 
accompanied by a slight blue-shift of the preexisting polariton branches. Upon 
increasing VG to be 80 V (figure 5.4 (c)), the polariton modes originating from Ao 
exciton-plasmon coupling vanished while the A- (trion) polariton gained oscillator 
strength, resulting in more enhanced reflection features and mode splitting. To better 
resolve the exciton-plasmon coupling at each applied gate voltages, figure 5.4 (d)-(f) 
present the zoomed-in reflectance spectra of the line cuts taken at sin = 0.5 (green 
curves in (a)-(c)), where the SLR of the fabricated lattice has nearly zero detuning with 
A exciton. At all VG, mode splitting was observed, and two or three modes can be 
resolved as indicated by the Gaussian fitting of the reflectance curves, suggesting that 
the system changed progressively from strong Ao exciton-plasmon coupling to strong 
A- exciton (trion)-plasmon coupling regime with increasing carrier concentration. 
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Figure 5.4 Line cuts of the angle-resolved reflectance spectra at different applied 
voltages. (a)-(c) Spectral line cuts. From bottom to up: sin = 0, 0.15, 0.3, 0.4, 0.5 , 
respectively. (d)-(f) Zoomed-in spectra taken from the (a)-(c) with sin = 0.5 and 
corresponding Gaussian fitting for mode resolving. Yellow dashed line: A0 exciton, 
Orange dashed line: A- exciton (trion). Gray dashed line: mode positions extracted from 
the line cuts.  
 
These experiments demonstrate that plasmon coupling to the excitonic 
resonances can be finely tuned between the weak and strong coupling limits via electric 
control of charge carrier density in the active medium of 2D semiconductors. In addition, 
the possibility of creating trion-plasmon polaritons, a unique type of fermionic light-
matter hybrids, in which the spin structure of the trion can effectively couple to the 
plasmon, can enable a new class of magnetoplasmonic systems. 
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The observed coupling tuning is attributed to the modulation of the exciton 
oscillator strengths via carrier injection/depletion. Figure 5.5 shows the reflectance 
spectra measured from the bare region of the same MoS2 flake. With increasing gate 
voltages, Ao exciton displayed a slight blue shift in its resonance energy and linewidth 
broadening in the ΔR/R arises from the many-body effects upon carrier doping14, which 
are consistent with our observation of the evolution of the exciton-plasmon coupling 
with increased doping, and will be discussed later in more detail. 
 
Figure 5.5 Evolution of the bare MoS2 reflectance with applied gate voltage.  
In order to quantitatively characterize the observed tuning phenomena of the 
exciton-plasmon coupling, the angle-resolved spectra were fitted to a coupled oscillator 
model (COM) to calculate the exciton-plasmon coupling strengths as a function of VG, 
as shown in figure 5.6. The COM fitting results are in excellent agreement with the 
experimental data, capturing all the features of the recorded dispersions over large 
wavelength and angle ranges at different applied VG. The VG-dependent exciton-LSPR 
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coupling strengths are presented in figure 5.6 (f), while the exciton-diffraction mode 
coupling strengths are found to be nearly negligible in this device. At VG = 0 V, only 
the Ao exciton-plasmon strong coupling was observed in the reflectance spectrum, as 
indicated by clear anti-crossing behaviors of the dispersion curves, with a coupling 
strength of 63 meV. As the carrier concentration increased upon applying positive VG, 
Ao exciton gradually decoupled from the SLRs, and eventually disappeared in the 
dispersion spectra. Upon increasing the positive gate voltage, an additional polariton 
branch emerged (figure. 5.6 (b)), resulting from the splitting of the initial polariton 
branch 2 at the A- exciton state, indicating A--plasmon coupling. With a further increase 
in VG (figure 5.6 (c)-(d)), the new polariton branch 2 progressively blue shifted, 
suggesting increased mode splitting between the polariton branches 2 and 3 near the A- 
state (increase in A- plasmon coupling), and decreased mode splitting between polariton 
branches 1 and 2 near the A0 state (decrease in Ao plasmon coupling). At VG = 80 V 
(figure 5.6 (e)), the polariton branches 1 and 2 merged into one branch, which indicates 
that the coupling between Ao excitons and the lattice-LSP modes vanished, owing to 
the collapse of their oscillator strengths under high doping conditions. The evolution in 
the exciton-plasmon coupling strengths is simulated by the COM fitting. Upon applying 
positive VG, the A0 exciton-LSP coupling strength undergoes a large change from 63 
meV to almost zero, while the coupling between trions and lattice-LSP modes gradually 
increased with increased doping and reached a maximum coupling strength of 42 meV 
at VG = 80 V, caused by a partial transition of the oscillator strengths from neutral 
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excitons to negatively charged trions. 
 
Figure 5.6 COM fitting of the system dispersion and calculated exciton-LSPR coupling 
strengths.  
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Lower value in the maximum coupling strength of the A- exciton can be 
explained by its weaker oscillator strength than Ao exciton. However, given that the 
typical oscillator strength of trions found in 2D quantum wells or bulk materials is more 
an order of magnitude lower than that of the neutral excitons7,15, this finding is 
intriguing since the magnitude of the trion-plasmon coupling strength is comparable to 
neutral exciton-plasmon coupling, which further illustrates the enhanced interaction 
between excitons and charged carriers due to significantly reduced screening, and large 
overlap between electron and hole wave functions from their extreme 2D confinement16.  
The Fermionic nature of the trion-plasmon hybrid modes can lead to very 
different quantum properties than the bosonic exciton-plasmon polaritons. For instance, 
in exciton-polariton systems, coherent phenomena such as Bose-Einstein condensation 
can arise at high polariton densities from their bosonic nature, while in a fermionic 
polariton system, completely different behavior would be expected. The modulation 
between the exciton-plasmon and trion-plasmon coupled system also suggests an 
attractive platform for the strongly coupled spin and plasmon systems, 
magnetoplasmons, in which the combination of plasmonics and magnetism enables the 
control of the plasmonic properties via magnetic field and gives rise to novel magneto-
optical responses in the materials.  
To further study the modulation of light-matter coupling of the system and its 
active control via external fields, nanodisk arrays with different disk diameters (d =120 
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and 140 nm) on the same MoS2 flake were measured. LSPR arising from different sized 
silver disks resulted in different coupling strengths with Ao and A- excitons (figure 5.7) 
due to different LSPR-exciton detuning17. Silver nanodisks with diameters of d = 120 
and 140 nm have their LSPR at 670 nm and 685 nm (figure 5.7 (f)-(h) and (k)-(m), 
white dashed lines) respectively. Unlike the previous device with the LSPR nearly in 
resonance with the A- excitons, the LSPR of the d=140 nm device is largely detuned 
from the excitonic region (> 150 meV detuning). In all devices, the tuning of the 
exciton-plasmon coupling (figure 5.7 (f)-(h) and (k)-(m)) with different VG was 
observed, with qualitatively similar trends, but very different coupling strength values 
negatively correlated with the exciton-LSPR detuning, which is consistent with our 
previous studies17. The different LSPRs in these different arrays not only quantitatively 
changed the exciton-plasmon coupling strengths, but more importantly, altered the 
nature of the exciton-plasmon coupling of the system. Figures 5.7 (d), (i)&(n) show the 
series of line-cuts obtained at different VG, extracted from the angle-resolved spectra of 
the three lattices at the angles where the SLRs have zero detuning with the Ao exciton 
(sinθ=0.34, 0.32, and 0.27 for d=110, 120 and 140 nm, respectively). For d=110 nm 
device, mode splitting was resolved at all VG, with their evolution indicated by grey-
dashed lines, suggesting that the system changed progressively from strong Ao exciton-
plasmon coupling to strong A- exciton-plasmon coupling regime. In contrast, the d=140 
nm device (Fig. 5.7 (n)) showed two polariton modes observed at VG =0 V gradually 
merged into one broad dip with increasing VG, indicating that the system evolved from 
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strong to weak coupling regime. The d=120 nm lattice is in the intermediate regime 
between the strong- and weak- coupling of trions. These results, consistent with other 
similar devices, also provide more insights about design strategies for obtaining 
precisely tailored optoelectronic responses in 2D polaritonic devices. 
 
Figure 5.7. Gate-voltage dependent exciton-plasmon coupling in the angle-resolved 
ΔR/R plots for three different silver nanodisks arrays with different resonance detuning 
values. (a)-(c), d = 110 nm. (f)-(h), d = 120 nm. (k)-(m). d = 140 nm. The position of 
uncoupled Ao, A- excitons, and LSPR are indicated as yellow-, orange- and white-
dashed lines, respectively. (d), (i), (n), ΔR/R spectra obtained from line cuts (vertical 
white-dashed lines, sinθ = 0.35 in (a-c), sinθ = 0.30 in (f-h), and sinθ = 0.25 in (k-m), 
respectively) of the angle resolved spectra at different VG. Grey-dashed lines in (d), (i) 
and (n) trace the evolution of the system’s eigenstates upon carrier doping. (e), (j), (o) 
Comparison of the coupling strengths for Ao-LSPR and A—LSPR coupling obtained 
from the COM fitting as a function of the gate voltage. 
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Enhanced many-body effects are one of the unique characteristics of highly 
confined TMD monolayers even at moderate doping levels, which can be easily 
achieved from Si/SiO2 back-gated FET devices4,7,9,10. Greatly reduced screening due to 
the lack of large bulk polarization leads to increased Coulomb interaction and scattering 
process, which along with phase-space filling (Pauli blocking) effect influences the 
exciton oscillator strength and binding energy9,10,18. The increased charge carrier 
concentration under positive electrostatic gating results in the reduction of the Ao 
oscillator strength due to exciton bleaching, giving rise to weaker interactions between 
excitons and plasmons, which drives the system towards weak coupling regime. On the 
contrary, the depletion of charge carriers makes MoS2 more intrinsic, resulting in 
stronger exciton-plasmon coupling. in TMD monolayers, continuous and reversible 
switching between strong and weak exciton-plasmon coupling regimes can be achieved 
in response to the variation of charge carrier concentration (Fermi level shift), which 
can be easily controlled by external fields, owing to the unique attributes of the 2D 
excitonic systems.  
5.4 Conclusion 
In summary, we demonstrated active control of the coupling strengths between 
2D MoS2 excitons and plasmonic lattices integrated in an FET device, via charge carrier 
injection/depletion. Continuous and reversible transition between the strong and weak 
exciton-plasmon coupling regimes was achieved by tuning the gate voltage. 
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Furthermore, we also showed that the trion resonances could also couple with the lattice 
plasmons at high electron doping concentration, showing their own dispersion 
properties. Our work demonstrates that unique opportunities exist in 2D monolayer 
semiconductors to electrically control light-matter interactions, owing to the lack of 
bulk polarization in these ultrathin materials, which reduces carrier screening, and 
hence leads to extraordinarily strong exciton oscillator strengths and binding energies, 
as well as enhanced many body effects. Electrical control of light-matter interactions in 
photonic devices is very attractive for designing modulators, switches, sensors, and 
other functional polaritonic devices. Furthermore, stronger trion-plasmon coupling can 
be an attractive platform for studying the strongly coupled spin and plasmon systems, 
i.e., magnetoplasmons, in which the combination of plasmonics and magnetism can 
enable the control of plasmonic properties by magnetic fields, giving rise to novel 
magneto-optical responses in these class of materials. 
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Chapter 6. Chiral exciton-plasmon coupling in chiral 
plasmonic lattices 
6.1 Motivation and introduction 
Studying of chirality, a key molecular structural concept, has become an active 
research field in optical physics ever since it was introduced into metamaterial and 
metasurface design. These artificial structures can exhibit orders of magnitude stronger 
chirality than natural chiral media via careful design, hence giving rise to potential 
applications such as chiral biomolecule sensing1-3, polarization sensitive metasurfaces4-
6 and holograms7,8. Chiral light-matter interactions in these artificially designed 
structures have also been extensively studied, including tailoring the chiral emission9 
and lasing10, or in nonlinear optics for chiral second harmonic generation11. However, 
previous works were only limited in weak coupling regime, and the chirality of strong 
light-matter coupling has never been reported. In conventional microcavities, polaritons 
are spin degenerate, with the spin projection along the microcavity axis couples directly 
to circularly polarized light. Polariton’s spin carries a quantum bit of information, 
making spin-based polaritonic devices extremely promising for quantum information 
processing, and polariton spin switches12, transistors 13,14, and memories15 have been 
recently experimentally demonstrated or proposed. Our study on chiral strong coupling 
allows the manipulation of polaritons’ spin degrees of freedom, may pave the way of 
novel chiral polaritonic devices, as well as contribute to the researches of polariton spin 
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dynamics. 
Moreover, earlier studies on chiral plasmonic nanoresonators were mostly focused on 
the chirality induced by the asymmetry of individual plasmonic nanoantennas, however, 
the lattice resonances and their interactions with the LSPRs can play critical roles in the 
system’s chirality as well. Recently, Cotrufo et al.9 studied chiral emission from dye 
molecules coupled with plasmonic lattices composed of chiral nanoantennas, by taking 
into account both the chiral LSPRs and the lattice modes; Z. Wang et al16 showed 
circular dichroism in plasmonic metasurfaces controlled by both the LSPR and the 
lattice constant. Nevertheless, in these works, the chirality was still induced by chiral 
plasmonic nanostructures, and the relatively complex nanostructures generate 
complicated LSPR modes, which may hinder the observation and understanding of the 
light-matter interactions of the system. Moreover, lattice resonances are essential in 
studying the light-matter interactions in plasmonic lattices. In weak coupling regime, 
lattice resonances possess tunable dispersions, and induce collective interactions 
between the emitters, hence enable modifications of the emission spectrum, directional 
emission and lasing. Furthermore, with relatively high quality factors and allowing 
distant excitons to couple coherently, the existence of lattice resonances can help 
overcome the high losses of the plasmonic system and push the system into strong 
coupling regime, leading to the formation of exciton-plasmon polaritons. However, 
these intriguing phenomena have not yet been fully explored in plasmonic chiral 
structures. 
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6.2 Chiral plasmonic lattice design 
Here, to further emphasize the significance of the lattice effect, i.e., the collective 
interactions between the plasmonic nanoantennas, in both inducing chirality and 
enhancing the light-matter interaction, we systematically investigated the chirality of 
the plasmonic lattices composed of achiral silver nanorods, with the rods tilted by a 
certain angle with respect to the lattice frame (Figure 6.1). In these lattices, the chirality 
results solely from the strong interactions between the LSPR of the nanorods and the 
lattice resonances. Furthermore, we integrated these chiral plasmonic lattices with 
MoS2 and realized, for the first time, helicity dependent strong exciton-plasmon 
coupling. It should be addressed that unlike the complicated nanoresonators generally 
applied in chiral planer structures, the nanorods in the current design possess simple 
but strong dipolar LSPRs, which is critical to observe and understand the strong 
exciton-plasmon coupling of the system. Moreover, such simple design also avoids 
complicated fabrication processes and may allow chiral functionalities at very short 
wavelength ranges.  
 
Figure 6.1 SEM images of the tilt-nanorod lattices, with nanorod dimensions of 
110×170 nm and lattice pitch of 450 nm. The tilting angle with respect to the vertical 
axis of the images are: (a) 0o (b) 30o (c) 45o and (d) 60o. Scale bars are 500 nm.  
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6.3 Chiral SLRs studied by reflectance measurement and FDTD simulation 
First of all, we measured the helicity dependent angle-resolved reflectance from 
five lattices composed of nanorods tilted by 0o, 30o, 45o, 60o and 90o, with the rotation 
angles defined as the angle between the long axis of the nanorod and the in-plane wave 
vector k// determined by the measurement. The lattice constants were kept at 450 nm 
and the nanorod sizes are 110×170 nm for all lattices. As expected, the achiral 0o 
and 90o lattices (figure 6.2 (a)&(f), (e)&(j)) response identically to the LCP and RCP 
input light. The lattice dispersions were observed in both 0o and 90o lattices but with 
different characteristics. Because the lattice modes appeared within the current 
wavelength range are TE modes, they couple strongly to the LSPR oscillating 
perpendicular to the in-plane wave vector k// and form SLRs. As a result, the 0o lattice 
(figure 6.2 (a)&(f)) couples to the transverse LSPR (LSPR corresponding to the width 
of the nanorod, see chapter 2 for more discussion) located near 640 nm and present an 
anti-crossing in its dispersion, while in the 90o lattice, the correspondent longitudinal 
LSPR (LSPR corresponding to the nanorod length) is located near 750 nm, outside the 
wavelength range of the measurement, hence the dispersion follows the linear 
diffraction modes. On the contrary, the lattices with 30o, 45o, and 60o nanorod tilting all 
show pronounced chirality. While with both input circular polarizations, the dispersions 
translate progressively from 0o to 90o with increasing tilting angle, the dispersion 
obtained with RCP light input is always more 90o-tilting like, and the dispersion with 
the LCP light input is more 0o-tilting like. In addition, the lattice with 45o tilting angle 
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is in fact an achiral lattice, the chirality observed here results from the selection of the 
direction of k//. Hence, the chirality measured in this lattice is extrinsic chirality, and 
the LCP and RCP responses reverses if k// is rotated by 90o. 
 
Figure 6.2 Angle-resolved reflectance spectra of Ag nanorod lattices (110×170 nm 
nanorod and 450 nm lattice pitch) with different nanorod tilting angle and circular 
polarization illumination. (a)-(e): RCP illumination. (f)-(j) LCP illumination. (a)&(f): 0o 
rotation; (b)&(g): 30o rotation; (c)&(h): 45o rotation; (d)&(i): 60o rotation; (e)&(j): 90o 
rotation. The rotation angles are defined as the angle between the long axis of the 
nanorod and k//. 
 
To understand the mechanism of the observed chirality, FDTD simulation was 
performed on both single nanorod and the nanorod lattices. The simulation shows that, 
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when excited by a circularly polarized light, at the resonance wavelength, the LSPR 
oscillates along one of the diagonal of the nanorods, as shown in figure 6.3. This is 
because that at a given wavelength, the longitudinal mode and the transverse mode 
exhibit a phase difference. At the resonant wavelength (around 640 nm), such phase 
shift is nearly π 2⁄  (figure 6.4 (a)-(c) and (d)-(f)) at the near field, which makes it 
effectively a quarter waveplate. Therefore, when the nanorod is excited by a circularly 
polarized light, an additional π 2⁄  phase difference is added between the two linear 
polarizations of the incident beam, hence the phase difference between the longitudinal 
and transverse mode becomes 0 or π, resulting a linearly polarized near field resonance. 
Depending on the helicity of the light, these two modes interfere distractively along one 
diagonal, and constructively along the other diagonal, producing two degenerate 
diagonal LSPR modes.  
 
Figure 6.3 Spatial electric field distribution of a 110×170 nm Ag nanorod under (a) 
LCP and (b) RCP light illumination at 645 nm wavelength. 
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Figure 6.4 Phase difference between the longitudinal and transverse LSPR of a Ag 
nanorod (110×170 nm) at 640 nm. The nanorod is excited by a linearly polarized plane 
wave with its polarization indicated by the black arrow. At ωt = 0 , the electric field 
magnitude of the longitudinal mode reaches its maximum ((a)-(c)), and becomes nearly 
zero in the transverse mode ((d)-(f)). With an additional π 2⁄  phase shift ((g)-(i)) in the 
transverse mode, the electric field interfere constructively along the bottom-left to up-
right diagonal, and interfere destructively along the other, resulting in a diagonal mode. 
 
When arranged into lattices, the two degenerate diagonal modes polarized along 
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different directions with respect to the lattice frame, resulting in different LSPR-
diffraction mode coupling, hence giving rise to different SLR dispersions (figure 6.5). 
 
Figure 6.5 Electric field profile of Ag nanorod lattice with 45o nanorod tilting illuminated 
by (a) LCP and (b) RCP light. Nanorod dimension: 110×170 nm, lattice pitch 450 nm. 
 
Although the actual mechanism is complicated, the difference between the LCP-
SLR and the RCP-SLR can be qualitatively understood by the simulation result: the 
RCP-LSPR corresponds to a dipole with the tilting angle larger than the nanorod itself, 
hence the RCP-SLR is more 90o-tilting like, and vice versa. The far-field angle-resolved 
reflectance spectra under circularly polarized light excitation were also calculated by 
FDTD simulation (figure 6.6 (a) and (b)), showing perfect agreement with the 
experimental data. The circular dichroism (CD), defined as (RLCP-RRCP)/(RLCP+RRCP) is 
calculated as a function of both incident angle and wavelength (Figure 6.6 (c)). 
Pronounced CD only appears near the SLR dispersion lines, which further proves that 
the CD results solely form the LSPR-lattice coupling. 
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Figure 6.6 Angle-resolved reflectance spectra calculated by FDTD simulation. Nanorod 
dimensions: 110×170 nm, lattice pitch 450 nm. Tilting angle 45o. (a) RCP illumination. 
(b) LCP illumination. (c) Circular Dichroism calculated from (a) and (b) 
 
These lattices were further studied by resolving both the input and output circular 
polarizations via decomposing the reflected light from the sample into LCP and RCP 
components by placing a second quarter wave plate and a polarizer in the reflected light 
path. For an isotropic surface, such as SiO2, under normal illumination of a circularly 
polarized light, the phase difference of the two perpendicular polarization directions is 
maintained in the reflected beam, while the propagation direction is reversed. Hence 
the handedness of the reflected beam is reversed. On the contrary, the reflected beam 
from the designed plasmonic lattices illuminated by a circularly polarized light can 
contain both the LCP and RCP components, as the lattices serve as waveplates that 
rotate the polarization of the incident light. Figure 6.7 shows the measured reflectance 
spectra of the 0o and 30o tilting lattices with different input and output helicities.  
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Figure 6.7 Angle-resolved reflectance spectra resolving both the input and output 
circular polarizations. (a)-(d) Lattice without nanorod tilting (0o tilting). (e)-(h) Lattice 
with 30o tilting with respect to k//.  
 
For the achiral 0o lattice, as expected, the L in-R out and the R in-L out (co-polarization 
reflection, figure 6.7 (b)&(c)), as well as the L in-L out and the R in-R out (cross-
polarization reflection, figure 6.7 (a)&(d)) spectra show identical dispersions, 
indicating no chirality in this lattice. In contrast, for the chiral 30o lattice, while the two 
co-polarization reflection spectra (figure 6.7 (f)&(g)) remained nearly identical, 
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significant chirality appears in the cross-polarization reflection spectra (figure 6.7 
(e)&(h)): The R in-R out reflectance present clear, strong lattice modes, while the L in-
L out spectrum only shows weak dispersions. Moreover, whereas only the lattice 
diffraction modes were observed in cross-polarization reflection spectra, the co-
polarization reflection spectra exhibit strong LSPR-diffraction mode coupling induced 
by the diagonal LSPR mode appeared near 640 nm. Such Fano-type coupling results in 
a peak-like feature near the original diffraction mode’s dispersion lines. Therefore, the 
reflectance intensities of the co- and cross- polarizations display nearly opposite 
features, i.e., a peak in the co-polarization reflectance corresponds closely to a dip in 
the cross-polarization reflectance.  
6.4 Chiral exciton-plasmon coupling between MoS2 and chiral plasmonic lattices 
After assigning the SLRs in the Ag nanorod arrays with different circular 
polarizations, we studied the chirality in exciton-plasmon coupling by patterning the 
nanorod arrays on top of monolayer MoS2. Here, we still decompose the reflected beam 
into the LCP and RCP components while illuminating the sample with LCP and RCP 
lights, analogous to what we did in figure 6.7. The nanorods are tilted by 30o with 
respect to k//, and their dimensions were chosen to be 100×160 nm, to account for 
the redshift of the LSPR when the lattice is coupled to MoS2 (see chapter 3), while the 
lattice pitches were kept at 450 nm. Plotted in figure 6.8 (a) and (b), both the co-
polarization reflectance spectra show similar and pronounced strong coupling with A 
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excitons, and the dispersions can be nicely fitted to a COM with a single LSPR located 
at ~645 nm, which is consistent with the observations in bare plasmonic lattices. In both 
cases, the exciton-LSPR and exciton-diffraction mode coupling strengths are ~50 meV 
and ~10 meV, respectively, while the LSPR-diffraction mode coupling strengths are 
~120 meV.  
 
Figure 6.8 Strong exciton-plasmon coupling in co-polarization reflection. (a) LCP in-
RCP out. (b) RCP in-LCP out. White dashed lines correspond to the LSPR positions 
and yellow dashed lines represent the A excitons. Red dots correspond to the dip 
positions obtained from the line cuts of the angle-resolved reflectance at constant 
angles. Blue solid lines are the fitting results from a coupled-oscillator model. 
 
Interesting contrast occurs in the cross-polarization reflectance spectra (figure 6.9). 
While in the R in-R out spectrum (figure 6.9 (a)), strong coupling was observed 
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between the A exciton and SLRs, as indicated by the normal mode splitting near the A 
exciton in the dispersion (figure 6.9 (b)), the L in-L out polarization (figure 6.9 (c)) only 
results in weak coupling, as no anti-crossing was observed near the A exciton position. 
Therefore, the chirality of the designed lattice not only leads to quantitative coupling 
strengths change, but also changes the nature of the exciton-plasmon coupling. The 
exciton-diffraction mode coupling strength in figure 6.9 (a) is calculated to be ~25 meV. 
 
Figure 6.9 Strong exciton-plasmon coupling in co-polarization reflection. (a) RCP in-
RCP out. (b) Line cuts from (a) taken from sin = 0.15 − 0.20. (c) LCP in-LCP out. (d) 
Line cuts from (c) taken from sin = 0.15 − 0.20. 
 
6.5 Conclusion 
To conclude, we designed and studied chiral plasmonic lattices composed of achiral 
plasmonic nanorods and with significant chirality induced by the LSPR-lattice coupling. 
We then coupled these chiral plasmonic lattices with monolayer MoS2 and observed, 
for the first time, chiral exciton-plasmon coupling, with the coupling strengths 
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effectively controlled by the lattice design, and the circular polarizations of the input 
and output light, which tunes the coupling into either weak or strong coupling regimes. 
By addressing the light-matter coupling in planar chiral structures, this study may shed 
lights on novel active and tunable chiral metasurface device designs, as well as opens 
new possibilities in manipulating the polaritons spin degree of freedom. 
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Chapter 7. Future directions and outlook 
In this thesis, we investigated light-matter interactions in MoS2 integrated with 
plasmonic lattices in different exciton-plasmon coupling regimes, and shown the 
manipulation of the exciton-plasmon coupling in exciton-plasmon lattices via lattice 
design, external field, and inducing chirality. Here, we will propose two possible future 
directions to further understand the exciton-plasmon coupling phenomena, to utilize the 
unique valley physics of 2D TMDs and to move towards practical polaritonic devices: 
(1) Study the valley-selected strong exciton-plasmon coupling in different plasmonic 
lattices to engineer the valley physics of MoS2. (2) Active and electrically tunable 
metasurfaces based on strongly coupled MoS2-plamsonic lattice system.  
7.1 Valley-selective strong exciton-plasmon coupling  
As discussed in chapter 1, resulted from the inversion symmetry breaking and 
strong spin-orbit coupling, monolayer TMDs exhibit spin-valley locking, whereas each 
valley couples to only one helicity of light. This unique property draws a great deal of 
attention recently and leads to the emerging of a new research area named 
valleytronics1,2. In strong coupling regime, in particular, exciton-polaritons have been 
shown to enhance the valley polarization, and exotic quantum phenomena such as 
optical valley Hall effect, the formation of spatial valley-polarized domains via 
polariton-polariton scattering, has been recently proposed. 3  
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As we demonstrated in chapter 6, plasmonic lattices provide unique opportunities 
in manipulating polaritons spin degree of freedom, which is not easily accessible in 
conventional photonic cavities. Here, focusing on near-field plasmonic resonances and 
exciton-plasmon interaction, we propose valley-selected exciton-plasmon coupling. 
More specifically, by plasmonic lattice design, it may be possible to excite plasmonic 
resonances with different near field polarizations under circularly polarized light 
illumination, which can allow strong exciton-plasmon coupling involving only one 
valley, or with both valleys coherently. The nanorods discussed in Chapter 6, for 
example, exhibit diagonal LSPR modes with nearly linear polarization, which contain 
nearly equal contributions of   and   spins. On the other hand, different 
nanostructure designs may result in LSPR with circularly polarized near field. 
Therefore, plasmonic lattices composed of these two types of nanostructures are 
expected to lead to very different valley-exciton-plasmon coupling phenomenon. More 
sophisticated lattice designs may allow chiral valley-exciton coupling, e.g., strong 
coupling with one valley and weak coupling with the other, to further the valley degree 
of freedom in strong coupling regime. Such phenomenon can be investigated via 
examining the dispersion evolution while lifting the valley degeneracy by, e.g., valley 
Zeeman effect or valley optical Stark effect, which, by the way, can be interesting topics 
by themselves in strong coupling regime.  
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Figure 7.1 the  (LCP) and  (RCP) components of the LSPR of a nanorod excited 
by a LCP light. (a) Nanorod . (b) Nanorod . 
 
7.2 Active and electronically tunable metasurfaces. 
 Metasurfaces refer to a type of ultrathin artificial planar structures that can shape 
the electromagnetic wave fronts by inducing abrupt and controllable changes of the 
optical phases, magnitudes and polarizations near their surfaces4, which enable various 
flat optical components including waveplates5, lenses6 and holograms7. Tunable 
metasurfaces are of high demand to realize real time manipulation of optical response, 
and tunability realized by mechanically stretching8 and phase change materials9 have 
been lately experimentally demonstrated or theoretically proposed. Here, we propose 
active metasurfaces that can be electrically modulated by integrating the metasurfaces 
with monolayer MoS2.  
Our group has recently studied Pancharatnam–Berry phase metasurfaces10 based 
on plasmonic nanoantenna arrays. A plasmonic nanoantenna can lead to a certain local 
phase discontinuity depending on its shape and orientation, therefore, by designing the 
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arrangement and orientation of the nanoantennas, optical functionalities such as lenses 
and holograms can be realized. Figure 7.2 (a) shows an example of a metasurface 
designed to induce a constant gradient of phase jump. Interestingly, when we pattern 
these metasurfaces on MoS2 monolayer and measure the angle-resolved dispersion, 
they present clear SLRs and can couple strongly to the MoS2 excitons (Figure 7.2 
(b)&(c)).  
 
Figure 7.2 Strong exciton-plasmon coupling in plasmonic metasurface coupled with 
monolayer MoS2. (a) Silver Pancharatnam–Berry phase metasurface with constant 
phase shift gradient patterned on monolayer MoS2. (b)&(c) Reflectance spectra under 
LCP and RCP illumination measured from the device in (a), showing SLRs and strong 
coupling with MoS2.   
 
These results open up the possibilities of fabricating active metasurfaces in strong 
coupling regime, and manipulate their optical responses electrically via applying gate 
voltages, analogous to what we demonstrated in Chapter 5. The tuning of the coupling 
strength and hence the system’s dispersion leads to pronounced change of the effective 
refractive index, which may ultimately control the phase shift and/or efficiency of the 
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metasurface. If necessary, MoS2 can be etched into several electrically isolated regions 
to allow independent electrical control of each region, hence realizing greater tunability 
of the metasurface functionalities.  
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